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b-4 rd PI 
i n t e r e s t  h e r e  i s  primarily i n  t h c s e  particles which 
1 i n t e r a c t  and thereby  Lose t h e i r  enprcjy t o  the atma- 
sphere.  3n terms o f  a t ~ m i c  p r o c e s s e s ,  w e  +Jlc;s look 
for  unique f e a t u r e s  of t h e  p o l a r  cap r e g i o n ,  
p a r t i c u l a r l y  auroral phenomena through t h e  c h a r a c t e r  
of the i n c i d e n t  changed p a r t i c l e  f l u x e s .  
I n  S e c t i o n  3 ,  4 ,  and 5 ,  w e  w i l l  review t h e  broader  
o u t l i n e s  of g e n e r a l  a e r o n o a i c a l  p roces sas  s t i ~ u l a t e d  
by p h o t o ~ s  , e l e c t r o n s ,  and p r o t o n s ,  r e s p e c t i v e l y .  P7e 
w i l l  where p o s s i b l e  c o n c e n t r a t e  on a s p e c t s  of  these 
Frocesses which r e q u i r e  s p e c i a l  emphasis i n  p o l a r  cap 
pkenoniena. With t h i s  approach,  t h i s  work might a l s o  
CPYVP_ 2s ;) qe f i e r~?1  r e ~ 7 i . e ~  0 4 the s t a t e  of kn~.;rledcj-e --- 
of atomic phys i c s  and p l a n e t a r y  aeronomy. This  
r e l a t i o n s h i p  i s  s o  i n t i m a t e  and demanding t h a t ,  
ur-doubtedly, bo th  f i e l d s  must go forward t o g e t h e r .  
2 .  P a r t i c l e  I!orphology i n  t h e  P o l a r  Cap 
A s  n o t e i  i n  t h c  i z t r c Z u c t i c n ,  t h e  d i s t i n g u i s h -  
ing f e a t u r e  of  t h e  p o l a r  cap  from t h e  viewpoint  
of  a tomic p roces ses  i s  t h e  c h a r a c t e r  of t h e  
i n c i d e n t  p a r t i c l e  f l u x e s .  To o r i e n t  c u r s e l v e s ,  
w e  f i r s t  g i v e  'he re  a  b r i e f  morphological  
d e s c k i p t i o n  of e l e c t r o n  and p ro ton  f l u x e s  and 
accompanying a u r o r a s  a s  observed i n  t h e  cap  
r e g i o n .  
In t h e  d e s c r i p t i o n  ' to  f o l l o w ,  it w i l l  be  
h e l p f u l ,  f o r  t h e  sake  of o r i e n t a t i o n ,  t o  0 
L 
d e f i n e  t h e  boundary of t h e  cap r e g i s n .  Giie 
can l o o s e l y  d e f i n e  t h i s  a s  t h e  h i g h  l a t i t u d e  
boundary of  t h e  a u r o r a l  o v a l .  The ova l  and 
p o l a r  cap  reg ion  a r e  sho~,?n i n  ~ i q .  1 i n  t e r m s  
s f  t h e  s t a n d a r d  c o o r d i n a t e s  of  l o c a l  x a g n e t i c  
t ime and invar i : in t  l a t i t u d e .  
The p o l a r  cap r eg ion  i s  p a r ' t i c u l a r l y  
r e spons ive  t o  s o l a r  a c t i v i t y .  This  i s  due 
t o  t h e  connec t ion 'o f  i t s  magnet ic  f i e l d  l i n e s  
t o  t h e  magne to t a i l  ana t o  t h e  s o l 5 r  wind. I n  a d d i t i o n  
f la re -produced  X-rays (sudden ionosphe r i c  
di.s t u rbances )  h?ve an i n t e r e s t i n g  a spec t  
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2 H c, 0 4.J a a, 4-J U a, d I= 0 U Q) ffl 0 
C: 
c, 
[Axford  -- e t  a 1  ( 3 ) ] .  E x t e n s i v e  d a t a  r e l a t i v e  t o  t h e  
m a g n e t o t a i l  h a s  been obse rved  from Vela  and O V ~  
s a t e l l i t e s  [ Bame -- e t  a l , ( 4 )  , and Montgomery -- e t  
( 5 ) l  
The r o l e  o f  t h e  plasma s h e e t  i n  t h e  magneto- 
e n a  t a i l  i n  r e l a t i o n  t o  t h e  d i v e r s i t y  of  phenor. 
e n c o u n t e r e d  i n  t h e  a u r o r a l  and p o l a r  c a p  
r e g i o n s  i.s s t i l l  u n c e r t a i n .  T h i s  plasma 
s h e e t ,  a c c o r d i n g  t o  i icnes - e t -- a1 ( 6  ) ,  i s  a 
r e g i o n  c o n t a i n i n g  e l e c t r o n s  and p r o t o n s  a t  a  
d e n s i t y  of  0.  l p f c c  t o  1 p/cc .  F r e q u e n t l y ,  
e n e r g e t i c  e l e c t r o n s  w i t h  e n e r g i e s  g r e a t e r  t h a n  
4 5  'keV a r e  obse rved .  A t  l a r g e  L v a l u e s ,  t h e  
plasma s h e e t  e x t e n d s  from t h e  dawn t o  dusk 
boundary o f  t h e  n a g n e t o t a i l  and i s  o f t e n  q u i t e  
t h i c k .  T h i s  p l a s n a  s h e e t  a p p a r e n t l y  f l a p s  up 
and down around t h e  E a r t h ' s  a x i s  i n  r e sponse  t o  
t h e  motion o f  t n e  E a r t h ' s  magne t i c  a x i s .  
The p a r t i c u l a r  f e a t u r e s  o f  t h e  p o l a r  zone 
which i n f l u e n c e  g r e a t l y  t h e  c h a r a c t e r i s t i c s  of  
t h e  s t i m u l a t i n g  c h a r g e  p a r t i c l e s  a r e  t h e  l a r g e  
L v a l u e s  of  t h e  e a r t h ' s  magne t i c  f i e l d .  By 
v i r t u e  of  t h i s ,  t h e  charged  p a r t i c l e s  a r e  
l i n k e d  t o  t h e  v e r y  f a r  o u t e r  r e g i o n s  o f  t h e  
magnetosphere and a l s o  p o s s i b l y  t o  t h e  sun.  Thus, 
e n e r g e t i c  e l e c t r o n s  of s o l a r  o r i g i n  have uniform 
acces s  t o  t h e  p o l a r  caps  and t h e  f l u x e s  a r e  
e s s e n t i a l l y  independent of  t h e  a l t i t u d e  ove r  
wide ranges .  F u r t h e r l ~ o r e ,  p o l a r  cap e n e r g e t i c  
e l e c t r o n s  a r e  always fou-nd t o  be accompanied 
by e n e r g e t i c  p ro tons .  Hones e t  a l , ( 7  ) a l s o  
-- 
s t u d i e d  t h e  r e l a t i o n s h i p s  of  e l e c t r o n s  a t  h igh 
s l t i t z d e s  s v r r  t h e  s u r o r a l  and p o l a r  r e g l ~ i i  
and those  a t  17 E a r t h  r a d i i  i n  t h e  plasma 
s h e e t  o f  t h e  magne to t a i l .  They have shcwn a 
s i g n i f i c a n t  c o r r e l a t i o n  between i t s  two r eg ions .  
I n  a d d i t i o n ,  t hey  have no ted  t h a t  a u r o r a l  zone 
x-rays c o r r e l a t e d  s t r o n g l y  wi th  obse rva t ions  
on Vela s a t e l l i t e s .  For example, they  no ted  on 
s i x  occas ions ,  a detect j .cn  of b u r s t s  of  
e n e r g e t i c  e l e c t r o n s  which were c l e a r l y  
r e l a t e d  t o  x-ray b u r s t s  observed by ba l loon  
borne in s t rumen t s .  
. -
The d e t a i l e d  plasma mechanisms and magnetospher ic  phenom- 
e n a  which e x p l a i n  t h e  o b s e r v a t i o n s  of p a r t i c l e s  i n  t h e  p o l a r  
J 
cap' a r e  q u i t e  complex. W e  r e f e r  t h e  reac?er t o  t h e  r e c e n t  
reviews of  Bame ( 4 ) ,  Hones ( 6 )  and r e c e n t  conference pro- 
ceed ings  McCormac and Omholt (8 )  and t h e  a r t i c l e s  i n  t h i s  
i s s u e  by Reid ( 9 )  and Hakura ( 1 0 )  f o r  a more d e t a i l e d  gu ide  
t o  t h e  l i t e r a t u r e .  
(b) P a r t i c l e s  
W e  list t h e  fo l lowing  f l u x e s  w i thou t  r e g a r d ,  i n  g e n e r a l ,  
t o  t h e i r  c o r r e l a t i o n  wi th  such geophys ica l  parameter  a s  phase  
of t h e  s o l a r  c y c l e ,  s ea son ,  u n i v e r s a l  and local.  t ime ,  and 
magnetic a c t i v i t y :  
(1) soft e l e c t r o n  f l u x e s  (? a few kev) between ~ 7 3 ~  an6 
. . 
02O i n v a r i e n t  l a t i t u d e  [ see  Johnson and Sharp (11) , 
Burch (12) , Hoffman and Evans (13)  , Hof fnan ( 1 4 )  , and 
Maehl~un (15) 1 
( 2 )  ha rd  e l e c t r o n  s p i k e s  ( > 4 0  kev) on t h e  n i g h t s i d e  
[see McDiarmid and Burrows (16) and KcCoy (17) 1 
( 3 )  e l e c t r o n  flu:.?s c h a r a c t e r i s t i c  of t h o s e  producing 
a c t i v e  evening c v a l  au ro ra s  and a s s o c i a t e d  with s e v e r e  
g l o b a l  nacjnetic storm 
( 4 )  proton and ci p a r t i c l e  f l u x e s  gene ra t ed  by s o l a r  
f l a r e s  and a s s s c i a t e d  w i t h  PCA [see, e . g . ,  O ' S r i e n  (18)1 
(5) e l e c t r o n  f l u x e s  g e n e r a t e d  by s o l a r  f l a r e s  [Vaxpola 
. I t e m s  ( 3 )  and (5) have r e l a t i v e l y  r a r e  o c c u r a n c e s  and may 
be l i s t e d  a s  s p e c i a l  e v e n t s .  To o u r  knowledge, t h e  e l e c t r o n  
f l u x e s  i n  ( 3 ) .  h a v e  n o t  been o b s e r v e d  b u t  can be p r e d i c t e d  
f r o m  t h o s e  r a r e  a c t i v e  a u r e r a s  which have  beer, o b s e r v e &  
d u r i n g  g r e a t  g l o b a l  macjnetic s t c r m s  [Lassen (20J1. The a u r o r a s  
behave s i m i l a r  t o  t h e  a c t i v e  a u r o r a s  i n  t h e  e v e n i n g  s e c t o r  
02 khe o v a l  an6  i n  f a c t  a r e  p r o b a b l y  a s s o c i a t e d  ~ i i t h  t h e  
oval which i s  known t o  expand d u r i n g  t h e  o n s e t  of m a g n e t i c  
storms [Akasofu ( 2 1 )  1 . 
The p r o t o n  and a p a r t i c l e s  i n  ( 4 )  a r e  h i g h l y  e n e r g e t i c  
( t y p i c a l l y  > 1 Plev) and t h e i r  f l u x e s  d i s s i p a t e  c o n s i d e r a b l e  
ene rgy  i n  p r o d u c i n g  PCA and p o l a r  glow a u r o r a  [Sandford  (22) 1 . 
Blake e t  a b .  ( 2 3 )  
--
have ~ b s e r v e d  s o l a r  p r o t o n s  i n  t h e  
energy  range  from 1.1 t o  1..6 Mev and a l p h a  p a r t i c l e s  i n  t h e  
e n e r g y  r a n g e  f r o r .  <1.1 t o  1 5  Mev o v e r  t h e  p o l a r  c a p s  a s s o c i a t e d  
with t h e  p r o t o n  e v e n t  o f  August 2 8 ,  1966.  A F e r s i s t a n t  and 
o r d e r e d  L a t i t u d i n a l  s t r u c t u r e  s u g g e s t e d  a n  e f f e c t  a s s o c i a t e d  
with non-un i fo rn  a c c e s s  o f  s o l a r  p r o t o n s  t o  h i g h  l a t i t u c e s .  
They obse rved  p i t c h - a n g l e  d i s t r i b u t i o n s  t n a t  d e l i n e a t e u  a  
r e g i o n  o f  ( I - ; a s i - t r app ing .  They f o 1 ~ - 2  no  e v i d e n c e  f o r  a  
d u r a b l e  c o n t a i n r e n t  c f  y u a z i - t r a p p e d  s o l a r  a l p h a  p a r t i c l e s .  
P a u l i k u s  g a 1 .  ( 2 4 )  , have obse rved  s o l a r  p r o t o n s  in t h e  
1 t o  1 0 0  l~!ev i n t e r v a l  ciuri.ng a s o l a r  p r o t o n  c l ient  of S e c t e r b e r  
2 ,  1966. They found an i m p o r t a n t  d a y - n i g h t  asyrLme t r y  
i n  t h e  geo-magnetic  c u t - o f f  and 
Prom t h e  p o l a r  p l a t e a u  va lue  a t  
t h e  f l u x  s t a r t e d  t o  d e c r e a s e  
h i g h e r  i n v a r i e n i  l a t i t u d e s  
n e a r e r  t h e  r oon ~- i~e r i c? ian  t h a n  t h e  mil lnight  m e r i d i a n .  The 
asymmetry was more pronounced f o r  low e n e r g y  p a r t i c l e s .  The 
p i t c h - a n g l e  d i s t r i b u t i o n  s u g g e s t e d  t h a t  a  q u a s i - t r a p p e d  
f l u x  o f  p r o t o n s  i s  e s t a b l i s h e d  a t  h i g h  l a t i t u d e s  on t h e  day 
s i d e  of t h e  p o l a r  c a p .  They found a  l i m i t e d  a c c e s s  o f  s o l a r  
p r a t o n s  t o  sor,e l o c a l  t i m e s  and t h a t  t h i s  was a s s o c i a t e d  w i t h  
mid-day a b s o r p t i o n s  r e c o v e r i e s  o b s e r v e d  w i t h  riometers. 
Of c o n s i d e r a b l y  l e s s  impor tance  d u r i n g  PCA e v e n t s  a r e  t h e  
e l e c t r o n  f l u x e s  i n  ( 5 )  . Although v e r y  e n e r g e t i c  ( 3  100 Rev) , 
t h e y  compr i se  a  s m a l l  f r a c t i o n  o f  t h e  e n e r g y  of t h e  t o t a l  
- 
p s r t i c l e  flex 2nd are  o f t e n  n o t  o b s e r v e d  t o  accompany t h e  
p r o t o n s  and h e a v i e r  i o n s  fvampola - ( 1 9 ) ] .  
The s o f t  e l e c t r o n s  i n  (1) r e f e r  t o  f l u x  above t h e  a u r o r a  
zone and above,  s a y ,  t h e  40 k e v  c u t o f f  boundary which e x h i b i t s  
I 
a s t r o n g  enhancement  below a  few kev  compared t o  a d j a c e n t  f l u x  
i n  t h e  a u r o r a  zone;  The s o f t  f l u x  e x h i b i t s  a  z o n a l  p a t t e r n  
betvieen a b o u t  73' and 8 2 *  and a s  a  r e s u l t  t h i s  r e g i o n  h a s  
become known a s  t h e  s o f t  zone.  Based on E u r c h ' s  (12)  obse rva -  
. t i o n s ,  t h i s  p a t t e r n  a p p e a r s  t o  be a  permanent  f e a t u r e ,  hbove 
3 
85O, t h e r e  a p p e a r s  t o  be a g e n e r a l  l a c k  of  t h e  f l u x  e x c e p t  
u u r i n g  s p e c i a l  e v e n t s .  Although tlie s o f t  f l u x  i s  d i s t i n c t i v e  
a t  h i g h  l a t i t u c e ,  t h e  energy  c o n t e n t  i s  r a t h e r  bow. Celow 
5 k e v  where much o f  khe  e n e r g y  i s  c o n t a i n e d  .[E?urch ( 1 2 ) ]  one  
iill can  e:.:pc;t T . A ~ Q , E ~  < 1 2 ~ ~ / ~ ~ ~  - - 3 2 ~ - - 3  ti'-- ,*. i n ~ r i 3  is , ~ c ' P ; . T ? v ~ T ,  
v e r y  s p o r a t i c  b e h a v i o r  t o  t h e  flux s u c h  that e n e r g i e s  w e l l  above 
2 E erg/cm - s e c - s t e r  can  b e  obse rved  a s  s p i k e  t y p e  e v e n t s .  
C. Aurcras  
Based upon v i s u a l ,  phc t0gr3phi .c~  and photomet r ic  observa-  
t i o n s  we l i s t  t h e  fo l lowing  au ro ra s  o c c u r r i n g  over  t h e  p o l a r  
cap : 
(1) D i s c r e t e  morning a u r o r a s  [ s e e  e . g .  Lassen (25 )  and 
Sandford ( 2 6 )  1 , 
( 2 )  p o l a r  cap  a u r o r a s  [Davis ( 2 7 )  ] 
( 3 )  a c t i v e  a u r o r a s  accompanying g l o b a l  magnetic s to rms  
[Lassen ( 2 0  j j 
( 4 )  p o l a r  glow a u r o r a s  [Sandford ( 2 8 )  1 . 
The l i s t  exc ludes  t h e  a u r o r a s  o c c u r r i n g ,  i n  t h e  a u r o r a  zone, 
nzimeiy the d i s c r e t e  n i g h t t i m e  a x r o r a s  [Sandford ( 2 6 j  j, 2 .e .  
t h e  t r a d i t i o n a l  a c t i v e  a u r o r a ,  arid a l s o  t h e  mant le  'aurora 
[Sandford ( 2 6 )  and Har tz  and Bryce ( 2 9 )  ] . Both types  a r e  
found below t h e  c u t o f f  boundary and a r e  t h u s  of no i n t e r e s t  
- 
in t h e  p r e s e n t  s tudy .  We d e f i n e  t h e  mantle zu ro ra  as t h e  
emiss ion  produced by those  h a r d ,  s t e a d y  e l e c t r o n  f l u x e s  
C 
( >  20  kev) having a  s t r o n g  morning maximum b u t  o c c u r r i n g  
below t h e  c u t o f f  boundary. Sandford d e f i c e s  t h e  mant le  
a u r o r a  a s  t h a t  glo:.~ i n  t h e  absence of  observed d i s c r e t e  
--
a u r o r a s .  Based on h i s  o b s e r v a t i o n s  [Sandfcrd ( 2 6 )  1 
t h e  mant le  au ro ra  e x t e n d s ,  a t  t i n e s ,  t o  l a t i t u d e s  w e l l  above 
t h e  c u t o f f  boundary and would then  n o t  correspond t o  t h e  
above Clef in i t ion .  As S a t h e r  an6 I.?<~sc~u ( 3 0 )  p c i n t  o u t ,  
t h e  mant le  au ro ra  a s  d e f i n e d  above, s u b v i s u a l ,  patchy a u r o r a s  

t h e  morning s e c t o r  of t h e  o v a l  even thouc;h t h e  hiSh l a t i t u d e  
boundary does  approach 80°. The o v a l  a u r o r a s  a r e  o b s e r v e d  
t o  a p p r o a c h ,  b u t  d o  n o t  seem t o  r.ix w i t h  t h e  d i s c r e t e  morn- 
i n g  a u r o r a s ,  a t  l e a s t  d u r i n g  t h e  q u i e t  t i m e s  [Lassen ( 2 5 )  j . 
The s o u r c e  o f  t h e  morning a u r o r a s  i s  most l i k e l y  t h e  
s o f t  f l u x e s  o f  the s o f t  zone [ E a t h e r  (31)  and E a t h e r  and 
Akasafu  ( 3 0 )  1 .  T h i s  i s  a  n a t u r a l  a s sumpt ion  t o  make 
al though a v a i l a b l e  s o f t  f l u x  d a t a  does  n o t  show an o b v i o u s  
1,ate morning enhancement .  I n  s u p p o r t  o f  t h e  s o f t  f l u x  s o u r c e ,  
however,  a r e  m e a s u r e ~ . e n t s  by S t a r k o v  ( 3 2 )  which show t h e  
l o w e r  a l t i t u d e  b o u n d a r i e s  o f  t h e  ~ . o r n i n g  a u r o r a s  t o  b e  
n e a r  1 5 0  km.  T h i s  i s  n o t  c o n f i r m e d ,  i n  g e n e r a l ,  however,  
by Lassen  ( 2 5 )  a l t h o u g h  his o b s e r v a t i o n s  a o  show thac 
morning a u r o r a s  a r e  s i t u a t e d  a t  h i g h e r  a l t i t u d e s  t h a n  t h e  
d i s c r e t e  n i g h t t i m e  a u r o r a s .  
Based o n ,  e2x. S u r c h ' s  (12)  s o f t  f l u x  measurements ,  
t y p i c a l  i n t e n s i t i e s  of t h e  3914 A band w i l l  be w e l l  below 
100 R. E a t h e r  and A k a s o f u ' s  ( 3 0 )  p h o t o m e t r i c  n~easurements  
a 
of morning a u r o r a s  c o n f i r m  t h a t  t h e  i n t e n s i t y  i s  g e n e r a l l y  
Low,  i n  f a c t  lower  t h a n  t y p i c a l  v a l u e s  p r e d i c t e d  from t h e  
s o f t  f l u x  d a t a .  From t h e  o b s e r v e d  c h a r a c t e r  o f  t h e  s o f t  
f l u x e s ,  however,  a  wide  r a n g e  o f  i n t e n s i t i e s  can be e x p e c t e d  
a l t h o u g h  s u b v i s u a l  a u r o r a s  a r e  p r o b a b l y  t h e  r u l e  r a t h e r  t h a n  
t h e  e x c e p t i o n .  
To comple te  o u r  list of au-:oras, t h e  polar cap auro ras  


































































































































































































Perhaps  w e  should.rctention t h a t  the  ha rd  e l e c t r o n  s p i k e s  
' (2 )  observed  by McDiarmid and Burrows ( 1 6 )  will have 
a s s o c i a t e d  w i t h  t h e i r  s p i k e  t y p e  a u r o r a s  which a r e  
p robably  c o n s i d e r a b l y  more i n t e n s e  t han  t h e  s o f t  f l u x  
a u r o r a s .  Based on t h e  f l u x  d a t a ,  however, t h e y  occu r  
w i t h  c o n s i d e r a b l y  less f requency .  . 
One t y p e  of  f l u x  miss ing  from o u r  l i s t  i s  a more 
or less "steady" f l u x  which i n  t u r n  would produce a 
d i f f u s e  glow. 
During January  and February, 1968,  E a t h e r  (31) 
obse rves  no  measurable  s t e a d y  glow which could  be  
a t t r i b u t e d  t o  such a sou rce .  I n  a d d i t i o n ,  a v a i l a b l e  
9 
f l u x  d a t a  does  n o t  show any s t e a 6 y  sou rce  which could  
produce a measurable  glow. Sandfo rd ' s  (26 ) d a t a ,  
however, would s e e n  t o  s u g g e s t  a . s t eady  g l o v ~  having 
maximum i n t e n s i t y  n e a r  s o l a r  maximum. A s  sugges ted  
by E a t h e r  and Akasofu ( 3 0 ) ,  hcwever, t h i s  a p p a r e ~ t  
glow may arise frpm s u b v i s u a l  "morning" t y p e  a u r o r a s .  
3 .  PROCESSES STIMULA7'ED BY PHOTONS 
(a)  Overview 
3 
Photons a r e  p a r t i c l e  r , a n i f c s t z t i o n s  of t h e - e l e c t r o -  
n a g n e t i c  f i e l d  and,  because o f  our  v a q t  backgroxnd i n  
c l a s s i c a l  and quantu3  e l ec t rodynamics ,  photon induced 
p roces ses  shou ld ,  i n  p r i n c i p a l ,  be c e l l  unders tood.  The 
photon i n t e r a c t i o n  p roces ses  of primary i n t e r e s t  a r e  
(1) t o t a l  a b s o r p t i o n ,  ( 2 )  l iayleigh s c a t t e r i n q ,  ( 3 )  r e s -  
onance s c a t t e r i n g ,  ( 4 )  flo.ciresceilce, and ( 5 )  photo- 
e l e c t r o n  p roduc t ion .  W e  w i l l  g i v e  primary a t t e n t i o n  t o  
t h e  photoe'ectron produced dayglow because of  a s p e c i f i c  
background of r e c e n t  e f f o r t  r e l a t e d  t o  t h i s  t o p i c  [ s e e ,  
e.g . ,  Hintereggex e t  a 1 ( 3 3 ) ,  Green and Bar th  ( 3 4 1 ,  and 
-
Dalgarno e t  a l .  (3511 .  
* 
I n  F igu re  2 we shot:, i n  b lock  diagram form, t h e  
s t e p s  i nvo lved  i n  c a l c u l a t i n c  t h e  dayglow s p e c t r a l  l i n e  
i n t e n s L t i e s  s t i ~ ~ u l a t e d  by t h e  extreme u l . t r a v i o l e t  and 
X-ray r a d i a t i o n s  (IOeV t o  l kev )  of t h e  s u n .  The f i g u r e  
i l l u s t r a t e s  t h e  many f a c e t s  of a tomic phys i c s  and a t r o -  
s p h e r i c  phys i c s  which p l ay  a p a r t  i n  t h e  i n t e r p r e t a t i o n  
of s p e c t r a l  o b s e r v a t i o n s ,  n o t  on ly  from t h e  grouns ,  b u t  
' a l s o  f r o n  r o c k e t s  and s a t e l l i t e s .  
The c a t e g o r i e s  1 and 2 r e p r e s e n t  t h e  in format ion  
needed t o  a r r i v e  a t  t h e  e x t r e n e  u l t r a v i o l e t  ( X U V )  f l u x  
i n c i z e n t  a t  t h e  upper boundary of e a r t h ' s  atmosphere.  
17 
The n e x t  two i te rs  a r e  nzedez t o  a r r i v e  a t  t h e  l o c a l  
i n t e n 3 i t i . 2 ~  of XLTV a t  any a l t i t d d e  i n  t h e  atrr.osphere. i n  
s t e p  5 t h e  convers ion  of XUV sho tons  t o  e l e c t r o n s  proceeds  
p r i m a r i l y  v i a  t h e  p h o t o e l e c t r i c  and Puger e f f e c t s .  To 
d e s c r i b e  t h e  produc t ion  r a t e s ,  w e  must know t h e  fundamental  
a and ' u a u  c r o s s  s e c t i o n s  of  t h e  atm0spheri.c s p e c i e s  i n  l?h 
t h e  range of p h o t o n . e n e r g i e s  of i rqcsr tance.  Such photon 
c r o s s  s e c t i o n s  a r e  s t i l - l  r a t h e r  u n c e r t a i 2  atomic p a r a n e t z r s  
and p r e c i s e  exper imenta l  2 a t a  i n  t h i s  r eg ion  has  on ly  
t q , - \  
r e c e n t l y  become a v a i i a b i e  [ s e e ,  e .g., Cook anC Yetzger 1 3 0 1  t 
F r o s t  e t .  21. ( 3 7 )  , and Schoen ( 3 8 )  1 . X i t h  t h e  aic! of t h e s e  
r e c e n t  d a t a ,  it i s  now p o s s i b l e  t o  a r r i v e  a t  t h e  l o c a l  e i e c -  
t r o n  s p e c t r a l  d e n s i t y  r e s u l t i n g  Eron photon p r i ~ a r i e s  fxon 
t he  sun.  
S t a r t i n g  wi th  s t e p  6 w e  must n e x t  concern o u r s e l v e s  
with t h e  d e t a i l s  of a l l  e x c i t a t i o n ,  i o n i z a t i o n ,  and o t h e r  
p r o c e s s e s  which a r e  induced l.oea1ly by t h e s e  p h o t o e l e c t r o n s  
a t  t h e  v a r i o u s  a l t i t u d e s .  We w i l l  add re s s  o u r s e l v e s  t o  
d e t a i l e d  f e a t u r e s  of  e l e c t r o n  enerGy deposi . t ion i n  t h e  n e x t  
s e c t i o n ,  b u t  w i l l  f i r s t  cons ide r  some of  t h e  gene ra l  f e a t u r e s .  
A t  t h i s  p o i n t ,  t h e  aeronomical  prohlerr.becon;es very d i f f i c u l t  
and unconvent ional  w i t h  r e s y e c t  t o  t y p i c a l  p r o h l e r s  i n  pure  
aton?ic PI-, Y ~ C S .  T h i s  i s  due t o  tt_: n e c a s s i t y  of knovring e l l  
i n e l - a s t i c  cross s e c t i o n s  and n o t  j u s t  t h e  s p z c i f i c  c r o s s  s e c -  
t i o n s  r e l a t e 2  Po s t a t e s  wh ich  emit  t h e  s p e c t r a l  l i n e s  cf 
i n t e r e s t .  V i t h  t hese  c r o s s  s e c t i o r , ~ ,  :je c o ~ s t y u c " ;  
the Loss f u n c t i o n  o r  s t ~ ~ p i n c ,  po:.Ter, v h i c h  i s  
a key e n t i t y  i n  t h e  a n a l y s i s  o f  t h e  energy  b a l a n c e .  For  
a s i n g l e  s p e c i e s  t h i s  i s  d e f i n e d  as a f u n c t i o n  of  t h e  elec-- 
t r o n  energy  E g i v e n  by:  
The s u c c e s s i v e  t e r m s  r e p r e s e n t  t h e  l o s s  c o n t r i b u t i o n s  due  
t o  exci ta: t ion ~ 3 f  a tomic  o r  m o l e c u l a r  s t a t e s  w i t h  e x c i t a t i o n  
e n e r g i e s  W i o n i z a t i o n s  w i t h  t h r e s h o l - d  e n e r g i e s  Ii which 3 '  
produce  a continuum o f  secondary  e l e c t r o n s  Es , d i s s o c i a t i o n s  
w i t h  t h r e s h o l d  e n e r g i e s  Ed ,  and o t h e r  s i g n i f i c a n t  p r o c e s s e s .  
The. symbols o . (E) , ai ( E )  , S ( E ,  E s )  and a d ( E )  d e n o t e  t h e  
3 \ 
c r o s s  s e c t i o n s  fo r  t h e  c o r r e s p o n d i n g  p r o c e s s e s  and n d e n o t e s  
t h e  number d e n s i t y  o f  t h e  g i v e n  s p e c i e s .  
The a tomic -ae rcnomica l  problem is  f u r t h e r  c o m p l i c a t e d  
by t h e  f a c t  t h a t  a tmospher ic  m i x t u r e s  o f  gases have  a l t i t u d e  
dependent  c o n c e n t r a t i o n s .  Then t h e  t o t a l  l o s s  f u n c t i o n  a l s o  
depends upon a l t i t u d e  y . I t  may h e  c a l c u l a - t e d  u s i n g :  
where d e n o t e s  t h e  f t h  s p e c i e s ,  
%f a l l  of t h e  a tomic and a e r o n o ~ i c a l  quz in t i t i e s  re- 
fersec? t o  i n  E q ,  ' s % i  and 3.2 a r e  known, it p o s s i b l e  ( s t e p  9) 
t o  calcula:e t h e  t o t a l  energy d e p c s i t e d  i n  t h e  jth s t a t e  of  
the lth c o n s t i t u e n t  f o r  any p h o t o e l e c t r o n  w i t h  enerrjy E F 
r?sing t h e  cont inuous s lowing down approximat ion:  
F7e assume l o c a l  l o s s  a t  a l t i t u d e  y a l though  as a l r e a d y  no ted  
L (E ,y) i s  c o n s t r u c t e d  such t h a t  as we move f r o n  one a 1  t i t u d r  
t o  t h e  n e x t ,  t h e  p rope r  a1t i tud.e  dependence i s  taken  i n t o  
account .  
The nex t  s t e p  ( 9  i s  to determine the s e ~ ~ n d p r ~ . ~  --.A e 3 . e ~ -  
t r o n  spectrum a s s o c i a t e d  wi th  t h e  slowddbln of  each pho-to- 
e l e c t r o n .  Here ,  i f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s f o r  each 
i o n i z a t i o n  continuum a r e  known, i t  i s  p o s s i b l e  t o  g e n e r a t e  
the secondary e l e c t r o n  spectrum i n  t h e  deg rada t ion  of t h e  
primary e l e c t r o n  t o  z e r o  energy us ing :  
T h i s  p roces s  must be c a r r i e d  o u t  f o r  each component of t h e  
pho toe l ec t ron  spectru .n  t o  a r r i v e  a t  a  n e t  secondary e l e c t r o n  
spectrum. Once t h e  complete secondary e l e c t r o l l  
spectrum i s  known, t h e  problem 
becomes t h a t  o f  c a i c u l a  t i ng  t h e  energy t r a n s f e r r e d  t o  t h e  
jth s t a t e  v i a  eve ry  ccmponent o f  t h i s  spec t rum. .    his car. 
be done by s t r a i g h  tforviard r e i t e r a t i o n  of  t h e  techniques  
used t o  t r e a t  t h e  o r i g i n a l  p h o t o e l e c t r o n  spectrum. ~ h h s ,  
one can go th.rough t h e  p roces s  a g a i n  t o  a r r i v e  a t  ' the  ter- 
. t i a r y  s p e c t r a .  Th i s  i s  then  d i v i d e d  i n t o  many e lements  
and t h e i r  con t r ibu t i , ons  t o  t h e  popu la t ion  c f  t h e  jth s ta te  
determined.  F o r t u n a t e l y ,  t h i s  approach converges r a p i d l y  
and u s u a l l y  t h e  f o u r t h  g e n e r a t i o n  i s  r e l a t i v e l y  i n s i g n i f i -  
c a n t .  I t  i s  a l s o  p o s s j b l e  t o  s o l v e  f o r  t h e  complete popu- 
l a t i o n  i n c r e a s e  of  t h e  jth s t a t e  by use  of  an i n t e g r a l  
e q u a t i o n  [Fe t e r scn  and Green, ( 3 9 )  1 . ' C 
One must n e x t  c o n s i d e r  ca scad ing  which can i n d i r e c t l y  
popu la t e  lower s t a t e s  and consequent ly  produce two o r  more 
emiss ion  f r e q u e n c i e s  from a  g iven  h i g h e r  s t a t e .  For  such 
c a l c u l a t i o n s  one must know t h e  e n t i r e  arr.ay of  t r a n s i t i o n  
p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  t h e  a tmospher ic  atom and 
n o l e c u l e s .  I n  t h e  c a s e  of  molecu la r  emis s ions ,  t h e  e n t i r e  
e l e c t r o n i c  band system s t r e n g t h  may be  subdiv ided  i n t o  
band o s c i l l a t o r  s t r e n g t h s  through t h e  u se  of  Franck-Condon 
f a c t o r s  {Bar th ,  ( 4 0 )  1 . .. 
A t  t h i s  p o i n t  ( 1 2 )  one must g i v e  p a r t i c u l a r  a t t e n t i o n  
t o  me ta s t ab l e  s t a t e s  which p l a y  an impor tan t  r o l e  i n  upper 
a tmospher ic  phenomena. When t h e  r a d i a t i v e  l i f e t i m e  of such 
s t a t e s  i s  comparable t o  t h e  mean t i n e  between c o l l i s i o n s ,  
c o l l i s i o n a l  d e a c t i v a t i o n  must be  cons idered .  The p roces s  
o f t e n  has a l a r g e  i n f l u e n c e ,  p a r t i c u l a r l y  a t  t h e  lower 
a l t i t u d e s .  
C e r t a i n  s t a t e s  a r e  a l s o  s i g n i f i c a n t l y  popu la t ed  by 
chemical  r e a c t i o n s .  I n  t h e  c a s e  of 01 I S  e x c i t a t i o n ,  e . g . ,  
d i s s o c i a t i o n  recombination by O2 r a t h e r  t han  d i r e c t  e l e c t r o n  
impact  on 01 i s  known t o  be  t h e  dominant e x c i t a t i o n  process  
L ( r n , Y I m -  -.-I ---  [ . u , w s  ~ i ~ u b t  have a knurledge o f  r e a c t i o n  
-. 
ra te  c o e f f i c i e n t s  t o  p rope r ly  t r e a t  t h e  e n t i r e  problem. 
W e  n e x t  must concern o u r s e l v e s  wi th  t h e  t r a n s f e r  of  
r a d i a t i o n  from t h e  source  t o  t h e  d e t e c t o r .  I f  t h e  atmosphere 
i s  thiln w i th  r e s p e c t  t o  a l i n e  of i n t e r e s t  w e  need simply 
a l l ow f o r  a t t e n u a t i o n  l o s s e s .  This  b r i n g s  us  back t o  con- 
s i d e r a t i o n  of Chapman f u n c t i o n  a l r e a d y  mentioned wi th  r e s p e c t  
t o  S t e p  2 .  We w i l l  t r e a t  t h i s  more f u l l y  i n  3b. I f  w e  a r e ,  
however, d e a l i n g  wi th  a  resonance l i n e  i n  which t h e  
atmosphere i s  0 ~ t i c a l 1 . y  t h i c k  then  a  more complete r a d i a t i v e  
t r a n s f e r  c a l c u l a t i o n  i s  needed,  
Such a c a l c u l a t i o n  w i l l  be desc r ibed  i n  3c .  
We see,  finally, t h a t  the  f i r s t  1 3  s t e p s  i l l u s t r a t e d  
i n  F i g .  1 l e a d  t o  a t h e o r e t i c a l  r e s u l t  which can  t h e n  pwe- 
sumably be :oinpazed w i t h  e x p e r i c e n t .  Agree~nent  presurnabiy 
means w e  u a d e r s t z n d  t h e  problem and w e  have  g i v e n  t h e  
c o r r e c t  i n p u t s .  D i s a g r e e a c a t ,  however,  f o r c e s  u s  t o  r e a s s e s s  
e i t h e r  t h e  assur ,ed ae ronomica l  p r o p e r t i e s  o r  t he  assurced 
a t o m i c  p r o p e r t i e s .  Our e x p e r i e n c e  h a s  i n d i c a t e d  t h a t  t h e  
chance  t h a t  w e  must change t h e  aeronomy or  t h e  a t o ~ r i c  p h y s i c s  
a r e  a p p r o x i m a t e l y  t h e  s a n e  a t  t h i s  p o i n t  o f  t i m e .  Thus,  
f rom t h e  v i e w p o i n t  o f  i n p u t  q u a n t i t i e s  needed i n  dayqlow 
c a l c u l a t i o n s ,  w e  f i n <  t h a t  a t o m i c  p h y s i c s  i s  a p p r o x i m a t e l y  
a t  t h e  same undeveloped l e v e l  a s  i s  a t rcos2her ic  p h y s i c s .  
b General ized Chapman Funct ion 
I n  connec t ion  wi th  h i s  t heo ry  of t h e  format ion of  
(42) 
t h e  ionosphere ,  Chapman cons idered  t h e  abso rp t ion  of  
t h e  s u n ' s  r a d i a t i o n  n e a r  g raz ing  inc idence  by t h e  
e a r t h ' s  atmosphere. The  same a t t e n u a t i o n  problem a r i s e s  
more c r i t i c a l l y  i n  t h e  p o l a r  cap r eg ion  even du r ing  
t h e  d a y l i g h t  hours .  
F igu re  3 i l l u s t r a t e s  t h e  geometry of t h e  problelit. 
Here w e  use  t h e  coo rd ina t e s  y  s t o  denote  t h e  a l t i t u d e  
of t h e  o b s e r v e r ,  and 80 t o  denote  t h e  z e n i t h  ang le .  A 
s l a n t  pa th  C S  i s  drawn t o  t h e  sun (we ignore  r e f r a c t i o n )  
and a  g e n e r a l  e lement ,  d s ,  a long  t h i s  s l a n t  p a t h  i s  
p o s i t i o n e d  by y and t h e  angle  6 r e l a t i v e  t o  t h e  Pine 
Y 
j o i n i n g  t h e  source  t o  t h e  c e n t e r  of t h e  e a r t h .  From 
geometry it fo l lows  immediately t h a t  
s i n  O  s i n  00 
Y- -, 
Solv ing  f o r  s e c  8 , we f i n d  
Y 
2 4  
I n  an absorbing med.ium, t h e  r educ t ion  i n  i n t e n s i t y  
i i l  an e lement  of s l a n t  pa th  d s  a t  an a l t i t u d e  y  i s  g iven  by 
dI/I = - o n ( y ) d s  = -on(y)dy  s e c  By (3 .7)  
where a ,  t h e  abso rp t ion  c r o s s  s e c t i o n  f o r  t h e  p a r t i c u l a r  
a tmospher ic  s p e c i e s ,  i s  assumed t o  be  independent  o f  
a l t i t u d e  . We n e x t  i n t e g r a t e  Eq.3.7along a  s l a n t  
pa th  and a long  a v e r t i c a l  p a t h  t o  e s t a b l i s h  t h e  t r a n s -  
miss ion e  - and e - ' ~  where T and. r, a r e  t h e  o p t i c a l  
dep ths  a long  t h e  s l a n t  pa th  and v e r t i c a l  pa th  r e s p e c t i v e l y .  
The g e n e r a l i z e d  Chapman f u n c t i o n  may then  be defined. 
as /I n ( y )  f i e  . Y O  . Y ) ~ Y  
7 g c h ( 0 ,  yo) = -- = !yp I 
T~ N (yo ) 




i s  t h e  c o l u ~ ~ n  d e n s i t y  
Chapman considered. t h e  ca se  i n  which n ( y )  fo l lows  a s  a s i m p l e  
e x p o n e n t i a l  law. Tables  f o r  t h i s  case  have been developed 
The more g e n e r a l  ca se  i n  which n ( y )  corresponds t o  
any d i s t r i b u t i o n  func t ion  has  been cons idered  by Green 
and ~ a r t i n C 4 4 ) , ~ e  consic?er h e r e  a  s i rnpl . i f ica t ion of t h e i r  
t r e a t m e n t .  
We may choose y ,  8 o r  4 ,  t h e  angle  shown i n . t h e  
Y '  
f i g u r e ,  as t h e  independent v a r i a b l e  o f -  i n t e g r a t i o n ;  
. however, 4 rnore convenient v a r i a b l e  of i n t e g r a t i o n  
Then s e c  8 , which w e  s h a l l  hencefor th  r e f e r  
Y 
t o  as f (u) , may be placed i n  var ious  forms. 
f ( u )  = f k ( u )  + f , (u)  
where  
fe(u)  = (y2+2u)-' = s e c  0 11 + (2u/y2)  1-% 
and 
The func t ion  f e ( u )  has t h e  e s s e n t i a l  f e a t u r e s  of 
f (u)  everywhere, inc luding  nea r  0 = 90 where it 
becomes s i n g u l a r  a s  u-% near  u  * 0 .  The funct ion  f r ( u )  
i s  w e l l  behaved and s n a l l  everywhere. 
We now tul:n o u r  a t t e n t i o n  t o  f e  (a )  , t h e  e s s e n t i a l  p a r t  
of  f (v,) . Using equa t ion  3.14 w e  have as t h e  e s s e n t i a l  p a r t  of 
o u r  g e n e r a l i z e d  Chapman func t ion  
00 
n ( u )  du 
0 ,  =j" - = scc 0 (3 .16)  
0 
( Y* 9 2 u ) " ~  
0 
For most d i s t r i b u t i o n  f u n c t i o n s  it i s  n o t  p o s s i b l e  t o  
e v a l u a t e  t h i s  i n t e g r a l  a n a l y t i c a l l y .  However, t h e  i n t eg rand  
u s u a l l y  w i l l  have t h e  e s s e n t i a l  p r o p e r t i e s  of  t h e  exponen- 
t i a l  d i s t r i b u t i o n  f o r  l a r g e  va lues  of  t h e  independent v a r i -  
a b l e .  Accordingly,  it i s  convenient  everywhere excep t  
(i .e. , 0 2 9 0  O )  t o  e v a l u a t e  gche ( 8 ,  x) wi th  a  Laguerre i n -  
t e g r a t i o n  procedure  u s ing  a  l i i r i t e z  number of p o i n t s  [see 
a handbook of mathematical  f u n c t i o n s  I 
I n  t h e  immediate neighborhood of  €3 = 90° o r  y = 0 
t h e  s i n g u l a r i t y  a t  t h e  o r i g i n  p r e s e n t s  a  problem. We 
may r e s o l v e  t h i s  problem,however, by t ransforming  t o  t h e  
v a r i a b l e  
Then equa t ion  3.16becomes 
gche(@,x)  = n  .- dz.  (3 .18)  
This  i n t e g r a l  may now be eva lua t ed  wi th  t h e  same Laguerre 
i n t e g r a t i o n  technique .  This t echnique  works p a r t i c u l a r l y  
w e l l  a s  long as y i s  n o t  t o o  l a r g e .  Thus Equation 3.16 and 
Equat ion 3 ~ 1 8  complement each o t h e r ,  t h e  l a t t e r  be ing  u s e f u l  
from 90° t o  s a y  60° t h e  former from o0 t o  say  80°. The 
r e s i d u a l  p a r t  of  f ( t )  i s  smal l  and smooth everywhere 5 0  
t h a t  ik c o n t r i b u t i o n  can be e s t ima ted  i n  a  v a r i e t y  of  ways. 
- - 
The s i n p l e s t  i s  t o  r e p l a c e  f  (u )  by f r ( u )  where u  i s  t h e  r 
average wi th  r e s p e c t  t o  n  (u )  . A Laguerre  i n t e -  g r a t i o n  
scheme should g i v e  r e s u l t s  t o  any desired.  p r e c i s i o n .  
We shou ld  no te  t h a t  i f  t h e  90° c a s e  can he d e a l t  
w i t h ,  we can a l s o  t r e a t  ang le s  g r e a t e r  than 90 ' .  I n  
F igure  3 we i l l u s t r a t e  a c a s e  i n  which e o  is  g r e a t e r  
tha.n 90°. I t  should he obvious from t h e  diagram t h a t  
t h e  e q u i v a l e n t  t h i c k n e s s  f o r  t h e  s l a n t  pa th  AB i s  
S ince  each o p t i c a l  dep th  i s  given by 
it fol lows t h a t  
An$ hence '. 
N ( Y ~ )  'ii 
g c h ( 8 , x )  = 2 -N (yo) gch (- 2 ' x s i n  G j  - gch(n  - 6 , x j ,  ( 3 . 2 2 )  
where w e  have used t h e  r e l a t i o n  
xb = x s i n  Bo = x s i n  8 .  
..' . 
3 (e) Radiative.  T r a n s f e r  
I n  a r r i v i n g  a t  s t e p  1 3  i n  f i g .  2 ,  w e  have t h e  a l t i t u d e  
1 
dependent  volume produc t ion  r a t e  v i a  p r i n c i p a l l y  
e l e c t r o n  impact .  We must t h e n  take  account  of  ' imprison-  
ment of r a d i a t i o n  f o r  t h o s e  l i n e s  a f f e c t e d  by t h i s  
mechanism. I jere ,  w e  l i m i t  o u r  d i s c u s s i o n  t o  a t c n i c  
l i n e s .  To know whether imprisonment,  o r  i n  o t h e r  
words, m u l t i p l e  s c a t t e r i n g ,  i s  i m p o r t a n t ,  w e  need 
o n l y  c o n s i d e r  t h e  t o t a l  l i n e  c e n t e r  o p t i c a l  dep th  o f  
a g iven  l i n e ,  d e s i g n a t e d  by T, T ~ Z  l i n e  c e n t e r  o p t i c a l  
depth a t  a l t i t u d e  z i s  g iven  by 
where n ( z ) '  i s  t h e  d e n s i t y  o f  t h e  cor responding  s p e c i e s  
and o o  i s  t h e  resonance c r o s s  s e c t i o n  a t  l i n e  c e n t e r  
( i , e ,  a t  v = v where v, is  t h e  c e n t e r  r e s o n a n t  
0 
' f r equency) .  Des igna t ing  z ,  as t h e  e f f e c t i v e  lower  
boundary of  t h e  medium, t h e  t o t a l  e f f e c t i v e  dep th  T, 
t h e n  r e f e r s  t o  t h i s  a l t i t u d e .  For t h o s e  l i n e s  f o r  
which r ,  i s  less t h a n  u n i t y ,  t h e r e  i s  a h i g h  p r o b a b i l i t y  
t h a t  a photon w i l l  e s cape  t h e  medium w i t h o u t  a  resonance 
a b s o r p t i o n  and,  consequent ly ,  imprisonment w i l l  n o t  be  
e f f e c t i v e .  Sone o f  t h e  impor t an t  a t o n i c  l i n e s  t o  which 
t h i s  a p p l i e s  a r e  01 6300 A ,  01 5577 A ,  and 01 1356 A.  
There  a r e  many o t h e r  l i n z s ,  however,  f o r  which -r, i s  l a r g e  
, enough t h a t  t h e  p r o b a b i l i t y  o f  d i r e c t  e s c a p e  from t h e  
p o i n t  o f  e m i s s i o n  i s  s m a l l .  Some of t h e  i m p o r t a n t  l i n e s  
t o  which t h i s  r e f e r s  a r e  011304 A ,  NI 1 2 0 0  A ,  H I  L a  i 
(123-6 A) h1 LO ( 1 0 2 7  A) , and H e 1  5 8 4  A, T o  s u c h  l i n e s ,  
t h e  methods o f  r a d i a t i v e  t r a n s f e r  must b e  a p p l i e d .  We 
r e f e r  t h e  r e a d e r  t o  such  p a p e r s  as [Thomas (46 ) ] , 
[Donahue (47) ] ,and S t r i c k l a n d  and Donahue (L js )  . 
B a s i c a l l y ,  w e  a r e  f a c e d  w i t h  t h e  problem f o r  which 
the t o t a i  volume e m i s s i o n  r a t e  i s  n o t  e q u a i  t o  t h a t  
produced by t h e  i n i t i a l  e x c i t a t i o n  s o u r c e  ( s u c h  s o u r c e s  
are p h o t o e l e c t r o n s  and s o l a r  r e s o n a n c e  pho tons  i n  t h e  
dayglow and p r e c i p i t a t i n g  e l e c t r o n s  i n  e l e c t r o n  a u r o r a s ) .  
The t o t a l  rate i s  n e c e s s a r i l y  g r e a t e r  w i t h  t h e  d i f f e r e n c e  
. r e s u l t i n g  f rom t h e  impr i soned  p h o t o n s .  The g r e a t e r  t h e  
t o t a l  d e p t h  T~ t h e  g r e a t e r  w i l l  b e  t h i s  im.prisonment and 
i n  t u r n  t h e  g r e a t e r  t h e  t o t a l  volume e m i s s i o n  r a t e  
- r e l a t i v e  t o  t h a t  produced d i r e c t l y  by t h e  i n i t i a l  s o u r c e .  
W e  o e s i g n a t e  t h e  e m i s s i o n  r a t e  produced by t h e  i n i t i a l  
s o u r c e  by S o  ( z )  and t h e  t o t a b  r a t e  by S ( 2 )  . Each h a s  
t h e  u n i t s  pho tons  emit ted/cm3-sec w i t h  t h e  pho tons  
d i s t r i b u t e d  o v e r  an a p p r o p r i a t e  n o r m a l i z e d  f requency  
p r o f i l e  ;Lor d e t a i l s  a s  t o  how l t ~ e  f r e q u e n c y  i s  
t r e a t e 6 ,  s e e  t h e  zbove mentioned r e f e r e n c e s  r e g a r d i n g  
r a d i a t i v e  t r a n s f e r )  . 
I n  a problem o f  t h e  n a t u r e  w e  a r e  d i s c u s s i n g ,  i n  
a r r i v i n g  a t  s t e p  13 ,  w e  have  de te rmined  t h e  f u n c t i o n  
Sb ( 2 ) .  For  t h e  boundary c o n d i t i o n s  g i v e n  by t h e  
p r o p e r t i e s  o f  t h e  medium, f o r  t h e  g i v e n  S o  ( z )  and 
w i t h  a knowledge o f  how t o  p r o p e r l y  t r e a t  t h e  
f r e q u e n c y  dependence ,  w e  a r r i v e  a t  a  un ique  t o t a l  
volume e m i s s i o n  r a t e  S ( z )  v i a  t h e  t r a n s p o r t  e q u a t i o n .  
I t  i s  t h e n  a s i m p l e  m a t t e r  t o  d e r i v e  t h e  i n t e n s i t y  
from 
where 4 n I  i s  t h e  i n t e n s i t y  ( i n  photons/cm2-sec--4nster), 
T i s  t h e  " t r a n s m i s s i o n "  f u n c t i o n  which g i v e s  t h e  
p r o b a b i l i t y  t h a t  a photon w i l l  t r a v e l  t h e  d i s t a n c e  
( 2 ' - z )  /1.1 w i t h o u t  an a b s o r p t i o n  an6 y i s  t h e  c o s i n e  of  
t h e  z e n i t h  a r lg le ,  which ,  f o r  t h e  g iven  i n t e g r a t i o n  
l i m i t s ,  assumes v a l u e s  between 0 and 1 ( a g a i n ,  f o r  
d e t a i l s  c o n c e r n i n g  ~ g .  3 . 2 5  a s  w e l l  a s  t h e  t r a n s p ~ r t  
e q u a t i o n ,  see t h e  above-mentioned r e f e r e n c e s )  . 
For  t h o s e  l i n e s  u n a f f e c t e d  by t r a n s p o r t  e f f e c t s ,  
E q .  3 . 25  reduces t o  
We t h u s  n o t e  t h a t ,  as t r a n s p o r t  e f f e c t s  become Less  
i m p o r t a n t ,  t h e  f u n c t i o n  T[(zt-z)/y] approaches  u n i t y  
f 
and t o t a l  r a t e  S ( z )  approaches  t h e  i n i t i a l  sate S o  ( z ) .  
4 .  PROCESSES STIMULATED BY ELECTRONS 
4 (a )  A n a l y t i c a l  Approach 
En this s e c t i o n  w e  c o n s i d e r  t h e  c a l c u l a t i o n  of  
s p e c t r a l  emiss iorss t imula tec i  d i r e c t l y  by e l e c t r o n s  
i n c i d e n t  upon t h e  upper atmosphere ( s e e  F igu re  4 ) .  O f  
course the i n c i d e n t  s p e c t r a l  f l u x  must be s p e c i f i e d  
( i t em 3 . ) .  Here t h e  geomet r ic  problem i s  g r e a t l y  
compl ica ted  by t h e  c o n t r o l l i n g  i n f l u e n c e  of t h e  geo- 
magnet ic  f i e l d  ( i t e m  2 ) .  Again, t h e  a l t i t u d e  
d i s t r i b u t i o n s  of t h e  a tmospher ic  s p e c i e s  p l zy  an 
impor t an t  p a r t  ( i t e m  3 ) .  
W e  must n e x t  be  a b l e  t o  d e a l  w i t h  t h e  s p a t i a l  
- mary a s p e c t s  o f  t h e  energy d e p o s i t i o n  of  t h e  p r l  
e l e c t r o n s  which,  from f i r s t  principl-es,  i s  a  h i g h l y  
complex problem. Multipbe s c s t t e r i n g ,  s t r a g g l i n g ,  
and o t h e r  d i f f i c u l t  a s p e c t s  of  charge p a r t i c l e  
deg rada t ion  e n t e r  i n  an e s s e n t i a l  way. Work t o  d a t e  
on t h e  geometr ic  a s p e c t s  o f  primary p e n e t r a t i o n  h a s  
l a r g e l y  been d.ea1.t w i t h  by s c a l i n g  [ s e e ,  e . g .  Rees ( 4 9 )  
and S t o l a r s k i  (5011 .  I n  p r i n c i p l e ,  it should  be 
p o s s i b l e ,  u s ing  Monte Ca r lo  t echn iques ,  t o  d e a l  w i t h  
t h i s  prcLiern fundamental ly  i f  a l l  e l e c t r o n  impact  
cross s e c t i o n s  f o r  s c a t t e r i n g ,  e x c i t a t i o n ,  i o n i z a t i o n ,  
and o t h e r  p roces ses  were known (item 4 ) .  With such 
i n f o r m a t i o n ,  one cou ld  c h a r t  t h e  c o u r s e  of ind iv id .ua1  
e l e c t r o n s  p e n e t r a t i n g  i n t o  t h e  a tmosphere  g u i d e d  by 
t h e  magne t i c  f i e l d  l i n e s  and r e d i r e c t e d  i n  t h e i r  pa th  
by e n c o u n t e r s  w i t h  t h e  gaseous  atoms and m o l e c u l e s .  A t  
t h i s  t i m e ,  s u c h  an a m b i t i o u s  p r o j e c t  h a s  n o t  been under-  
t a k e n  by t h e  F l o r i d a  group,  b u t  r a t h e r  more l o c a l  
approach  h a s  been used which a l l o w s  u s  t o  p i c k  up 
t h e  p r o c e d u r e  a t  s t e p  6 i n  F i g .  2 .  
R e f e r r i n g  back t o  t h e  p r e v i o u s  s e c t i o n ,  w e  saw 
from s t e p  ( 6 )  onward t h e  major  r o l e  which e l e c t r o n  
impac t  c r o s s  s e c t i c n s  play i n  t h e  c a l c u l a t i o n  of  
t h e  e m i s s i o n s .  P r o g r e s s  u n t i l  r e c e n t l y  h a s  been 
g r e a t l y  r e t a x d e d  by t h e  l a c k  of knowledge o f  such  
c r o s s  s e c t i o n s .  Hosaever, i n  a series of  s t u d i e s  
j - n i t i a t e 6  i n  1363, [Green -. e t  - a l .  (51 ) J a t e c h n i q u e  of  
s e m i - e m p i r i c a l  c r o s s  s e c t i o n s  (SECS) h a s  been used  t o  
p r o v i d e  approximate  c r o s s  s e c t i o n s  f o r  a l l  e x c i t a t i o n  
and i o n i z a t i o n  p r o c e s s e s  which p l a y  a  r o l e .  E s s e n t i a l l y ,  
t h e  method i s  based  upon t h e  Born-Eiethe c o n c e p t  o f  
g e n e r a l i r  cd o s c i l l a t o r  s t r e n g t h s .  To a l l o w  f o r  t h e  
breakdown o f  t h e  Born-Bethe approx imat ion  a t  Low 
e n e r g i e s ,  e m p i r i c a l  m o d i f i c a t i o n  f a c t o r s  am? i n c o r p o r -  
a t e d  i n t o  t h e  generalized o s c i l l a t o r  s t r e n g t h s  whose 
magni tudes  and s h a p e s  a r e  gu ided  by e x p e r i m e n t a l  
o b s e r v a t i o n  of  d i f f e r e n t i a l  c r o s s  s e c t i o n s .  The power 
o f  t h e  method rests l a r g e l y  on t h e  f a c t  t h a t  g e n e r a l -  
i z e d  o s c i l l a t o r  s t r e n g t h s  go  o v e r  t o  t h e  c o r r e s p o n d i n g  
o p t i c a l  o s c i l l a t o r  s t r e l l g t h s ( p r o p o r t i o n a 1  t o  photon 
c r o s s  s e c t i o n s ) i n  t h e  l i m i t  o f  z e r o  momentum t r a n s f e r .  
T h i s  c o n n e c t i o n  w i t h  photon impac t  c r o s s  s e c t i o n s  i s  
h e l p f u l  i n  many c a s e s  t o  e s t a b l i s h  t h e  o v e r a l l  magnitude 
o f  e l e c t r o n  impact  c r o s s  s e c t i o n s .  T h i s  c o n s t i t u t e s  t h e  
major  ad-vantage of  t h i s  s y s t e m a t i c  approach based  upon 
wave mechanics w i t h  r e s p e c t  t o  an  a l t e r n a t i v e  system- 
(52) 
a t i c  t e c h n i q u e  due t o  G r y z i n s k i ,  which i s  based upon 
classical r i i e ~ h a ~ i i c s .  
E s s e n t i a l l y ,  one may view t h e  modi f i ed  g e n e r a l i z e d  
o s c i k b a t o r  s t r e n 5 t h s  a s  a s e a l i n g  p r o c e d u r e  i n  which 
one assumes t h a t  a11 t h e  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h s  
= ~ s s o c i a t e d  w i t h  a Rydberq s e r i e s  of  t r a n s i t i o n s  conform - 
t o  a  s c a l i n g  law: 
where n i s  t h e  p r i n c i p a l  quantum number o f  t h e  Rydberg 
series, 6 i s  t h e  c o r r e s p o n d i n g  quantum d e f e c t ,  W, i s  t h e  
e n e r g y  l o s s ,  F ( z )  i s  a  u n i v e r s a l  f u n c t i o n ,  and z = x/(Fdn/Re) 
where x  and Re a r e  r e s p e c t i v e l y  t h e  s q u a r e  o f  t h e  momentum 
t r a n s f e r  and t h e  Rydberg energy. 
The s p e c i f i c  icethcds of u t i l i z i n q  t h e  g e n e r a l i z e d  
' o s c i l l a t o r  s t r e n g t h s  i n v o l v e  a  c h o i c e  o f  c e r t a i n  
p a r a m z t e r i z e d  a n a l y t i c  forms f o r  F ( z )  which can  b e  
r e a d i l y  i n t e g r a t e d  o v e r  a l l  a n g l e s  o f  s c a t t e r i n g  
t o  a r r i v e  a t  t h e  t o t a i  d i s c r e t e  and d i f f e r e n t i a l  
i o n i z a t i o n  c r o s s  s e c t i o n s .  A s u b s e q u e n t  i n t e g r a t i o n  
of t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  ( u s u a l l y  n u m e r i c a l )  
over t h e  r a n g e  of e j e c t e d  e l e c t r o n  e n e r g y  g i v e s  u s  
t h e  t o t a l  i o n i z a t i o n  c r o s s .  The d e t e r n i n a t i o n  o f  
p a r a m e t e r s  i s  b a s e d  on a v a i l a b l e  g e n e r a l i z e d  and 
o p t i c a l  o s c i l l a t o r  s t r e n y t h  Z a t a ,  d i r e c t  i q a c t  
c r o s s  s e c t i o n  d a t a ,  systc::~r_ics which e r i se  Eizong 
s i ln i iar  t y p e s  of  states, sys isen~at ics  a.mong t?ie gases 
themse lves  and quantum rrLechaniczl  c o n s i d e r a t i o n s .  
The d e r i v e d  c r o s s  s e c t i o n s  a r e  t h e n  r e p l a c e d  by a n a l y t i c  
forms chosen t o  f a c i l i t a t e  e x e c u t i o n  o f  t h e  d e g r a d a t i o n  
c a l ~ c u l a t i o n s .  I n  r e c e n t  c a l c u l a t i o n s ,  t h e  forms used have been:  
and 
where N and I r e f e r  r e s p e c t i v e l y  t o  t h e  j th  d i s c r c t e  j i 
and ith i o n  s t a t e .  The c o n s t a n t  qo = na ' i2Re) 2 =  
0 
- 1 4  2 2 
6 . 5 1  x 10 c m  e v  , Foco and A. a r e  magnitude p a r a m e t e r s  
and t h e  a ' s  a r e  r e s t r i c t e d  by l a S  = 0 which f o r c e s  t h e  
c r o s s  s e c t i o n s  t o  z e r o  a t  t h r e s h o l d  a s  r e q u i r e d .  A t  mos t ,  
t h r e e  t e rms  i n  t h e  sum a r e  needed t o  a c h i e v e  a c c e p t a b l e  
f i t s  t o  t h e  semi -empi r i ca l  forms o r  t o  d i r e c t  d a t a  where 
a v a i l a b l e .  
I n  Our d e g r a d a t i o n  c a l c u l a t i o n s  one o f  t h e  key problems 
i s  t h e  c a l c u l a t i o n  o f  t h e  secondary  e l e c t r o n  spec t rum 
a s s o c i a t e d  w i t h  t h e  d e g r a d a t i o n  o f  a  p r imary  p a r t i c l e  (Eq. 3 - 4 1  
p r e v i o u s  s e c t i o n ) .  H e r e  t h e  problem becomes one o f  c a l c u l a t i o n a l  
and 
d e s i g n , / o n e  c a n  become e a s i l y  bogged down i n  m a t t e r s  i n v o l v i n g  
t h e  second d - i g i t  when t h e  f i r s t  d i g i t  i s  s t i l l  t h e  p o i n t  i n  
q u e s t i o n .  IL i s  a t  t h i s  p o i n t  t h a t  s i m p l i f i c a t i o n  i n  t h e  
o v e r a l l  ca.LcuLations can be accompl ished i f  one  can rep-  
r e s e n t  l o s s  f u n c t i o n s ,  de te rmined  from m i c r o s c o p i c  c a l c u -  
l a t i o n s  such a s  g i v e n  by Eq. 3 * 1  by a  sirnp1.e a n a l y t i c  form. 
The f e a s i b i l i t y  of  s u c h  a  t e c h n i q u e  has  been e s t a b l i s h e d  
by Green and Stol.as:ski (53)  who p ropose6  t h e  l o s s  f u n c t i o n  
i n  t e r m s  o f  ~ n  e q u a t i o n :  
where t h e  c o e f f i c i e n t s ,  f o r  any s u b s t a n c e  can  b e  e s t a b l i s h e d ,  
using c e r t a i n  r u l e s  [Green and P e t e r s o n  ( 5 4 ) l .  
For this form o f  t h e  l o s s  f u n c t i o n ,  
of t h e  secondary  e l e c t r o n  d i s t r i b u t i o n  (Eq.3.4). With t h e s e  
a p p r o x i m a t i o n s ,  it i s  t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  e n e r g y  
th 
c o n v e r t e d  i n t o  t h e  j s t a t e  v i a  t h e  s e c o n d a r y ,  t e r t i a r y ,  
etc., e l e c t r o n s  by t h e  s o l u t - i o n  o f  a  r a t h e r  s i m p l e  i n t e g r a l  
e q u a t i o n .  W e  r e f e r  the r e a d e r  t o  t h e  d e t a i l s  o f  t h e  p a p e r s  
b a s e d  upon t h i s  t e c h n i q u e .  
4 ( b )  S o f t  E l e c t r o n  F luxes  and E l e c t r o n - E l e c t r o n  Loss  
I t  was n o t e d  i n  S e c t i o n  2 t h a t  s o f t  e l e c t r o n  f l u x e s  ( < a  
few kev)  ?re an i m p o r t a n t  s o u r c e  05  e n e r g y  o v e r  t h e  cap .  
E a t h e r  and Akasofa (30)  , based  on R e e s '  ( 4 9 )  
c a l c u l a t i o n s ,  n o t e  t h a t  ene rgy  d e p o s i t i o n  by t h e  s o f t  
morning f l u x e s  s h o u l d  be  i m p o r t a n t  between 150 and 
220 km. Over t h i s  a l t i t u d e  r a n g e ,  t h e  r e l a t i v e  
compos i t ion  of t h e  n e u t r a l  s p e c i e s  i s  chang ing  s i g -  
n i f i c a n t l y  a s  i s  t h e  l o s s  t o  e-e s c a t t e r i n g .  With 
i n c r e a s i n g  a l t i t u d e ,  a tomic  oxygen i s  becoming t h e  
dominant  s p e c i e s  w h i l e  e -e  l o s s  i s  becoming t h e  
dominant  l o s s  p r o c e s s  helow 5 e v .  The  main e f f e c t s  
- 
. -1. we W L ~ L L  LO CO~-LS:-~--CT arise frsifi @ s i ~ ~ p o s i t i o n  change 2r;d 
change i n  t h e  p r imary  energy. The 
s p a t i a l  a s p e c t s  o f  t h e  e l e c t r o n  Loss p r o c e s s  i s  an 
e x t r e m e l y  d i f f i c u l t  problem,  i n  f a c t ,  i r r ,poss ib le  
w i t h o u t  d e t a i l e d  knowledge of a l l  i m p o r t a n t  
c o l - l i s i o n a l  c r o s s  s e c t i o n s .  R a t h e r  t h a n  a t t e m p t  t o  s o l v e  . 
t h i s  problem, w e  c o n s i d e r  an e l e c t r o n  o f  g i v e n  
p r imary  e n e r g y  and pe r fo rm a  c a l c u l a t i o n  o f  i t s  
d e g r a d a t i o n  a t  v a r i o u s  a l t i t u d e s .  For  a g i v e n  
e n e r g e t i c  e l e c t r o ~ z ,  a t  s a y ,  120 h ~ i ~ ,  t h e  assumpt ion  
of  l o c a l  Loss i s  f a i r l y  r e a s o n a b l e .  The assumpt ion ,  
o f  c o u r s e ,  becomes l e s s  v a l i d  w i t h  i n c r e a s i n g  
a l t i t u d e .  N e v e r t h e l e s s ,  it i s  i n t e r e s t i n g  t o  c o n s i d e r  
t h e  changes  i n  t h e  l o c a l  l o s s  p r o c e s s  w i t h  i n c r e a s i n g  
a t t i t u d e  and a s  w e  w i l l  see, t r e n d s  can  b e  p o i n t e d  
o u t  t h a t  s h o u l d  r e l a t e  t o  t h e  r e a l  pro.blem. 
I n  p a s t  work [ e  .g .  , Green e t  a 1  (55)  ] , r e s u l t s  
--
have been p r e s e n t e d  i n  t h e  form o f  i n t e n s i t i e s  f o r  t h e  
v a r i o u s  s p e c t r a l  l i n e s  and hands based  on a s c a l i n g  
t e c h n i q u e  u t i l i z i n g  measured i n t e n s i t i e s  o f  t h e  N 4- 2 
391424 band,  From a n  a tomic  p o i n t  o f  v iew,  p e r h a p s  a  
more appropr iz te ~reszntaticn cf e l e c t r s n  lsss r e s a l t s  
wou.ld b e  i n  t h e  foam of  e f f i c i e n c i e s .  W e  d e f i n e  t h e  
e f f i c i e n c y  f o r  l o s s  t o  a g i v e n  p r o c e s s  a s  t h e  f r a c t i o n  
of pr imary  e n e r g y  g o i n g  t o  t h a t  p r o c e s s .  W e  d e s i g n a t e  
t h i s  a s  P ( E  ) anti n o t e  t h a t  l o s s  is inc luded.  f o r  b o t h  
P  
prima-ry and secondary  e l e c t r o n  impac t .  
W e  choose  t o  p r e s e n t  and compare P ( E  ) f o r  a number of  
P 
i m p o r t a n t  d i s c r e t e  and i o n  s t a t e s  a t  sample a l t i t u d e s  
of  8 0 ,  1 2 0 ,  and 250 lim. P r i o r  t o  t h i s ,  however,  w e  
b r i e f b y  c o n s i d e r  t h e  p r o c e s s  o f  e-e l o s s  which a t  an 
a l t i t u d e  such as  250 km i s  t h e  dorsinant l o s s  below 
a b o u t  5 ev.  
The problem of  t h e  degradation of l o w  energy e l e c t r o n s  
i n  a  pla-sna has been considered by Butler and Buckingl la~.  
( 5 6 )  , a.nc? rrtarly 0-khers i;l conneet j-on .vri . t!- ,  rc?J-a>:a'c-jon 
e s t i m a t e s .  B u t l e r  and Buckinghan have  s p e c i f i c a l l y  
J c o n s i d e r e d  t h e  problem i n  a  manner which f i n d s  r e a d y  
a p p l - i c a t i r n  t o  t h e  problem a t  hav?.  P r i o r  a p p l i c a t i o n  
of t h e  Eutler-Buckingham approach t o  t h e  p h o t o e l e c t r o n  
dayglow problem h a s  been made by Da lga rno  e t  al ( 5 7 )  . I t  can 
be shown by t h e  work o f  B u t l e r - B u c k i n ~ h a m  t h a t  t h e  
r a t e , o f  e l e c t r o n - e l e c t r o n  energy  l o s s  a s s o c i a t e d  w i t h  
e las t ic  c o l l i s i o n s  c c n s i d e r a b l y  exceeds  t h e  r a t e  o f  
e l e c t r o n - i o n . e n e r g y  l o s s .  A c c o r d i n g l y ,  w e  s h a l l  
c o n c e n t r a t e  o u r  a t t e n t i o n  on t h e  fo rmer  mechanism. For  
t h i s  problem t h e  work o f  Butler-Buckingham may b e  
p l a c e d  i n  t h e  form 
where w t  i s  d e f i n e d  i n  terms o f  t h e  t h e r m a l  ene rgy  Wt by 
r ( X I  = &- p ( - x 2 )  cix -2 exp  i-x2 
0 
and A = 2 / e 0  where 0, i s  t h e  minimum a n g l e  o f  s c a t t e r i n g  
,.. -. 
c o r r e s p o n d i n g  t o  a Coulomb c o l l i s i o n  a t  an impact  
p a r a m e t e r  e q u a l  t o  t h e  Debye s h i e l d i n g  d i s t a n c e .  The 
f u n c t i o n  F ( x )  may be  approximated  by 
Using t h e  u s u a l  e x p r e s s i o n  f o r  R u t h e r f o r d  s c a t t e r i n g  
and t h e  fo rmula  f o r  t h e  Debye l e n g t h  t h e  f a c t o r  A can  
he shown t o  b e  g i v e n  a p p r ~ x i r ~ t a t e l y  by 
where i n  t h e  l a s t  e x p r e s s i o n  E i s  i n  e V ,  T i s  i n  1 0 3 ~  and 
n i s  i n  1 0 6 / c c .  
W e  may f i n a l l y  g a t h e r  o u r  r e s u l t s  and a p p r o x i m a t i o n s  
t o g e t h e r  t o  o b t a i n  a n  e l e c t r o n - e l e c t r o n  e n e r g y  l o s s  i n  
t h e  form used  by Green and B a ~ t h  ( 3 4 )  
where 
i s  an  e f f e c t i v e  s t r e n g t h  f o r  e-e c o l l i s i o n s .  T h i s  r e s u l t  
h a s  been used  by S t o l a r s k i  (50)  w i t h  t h e  c o n s t a n t s  Wt= 0.15 
- 1 2  
and A e 9 0  = 1 . 9 5  x 10 . The l a t t e r  c o n s t a n t  a g r e e s  w i t h  
t h e  approx imat ion  Dalgarno e t  a1 .  (57)  u s e  above 3 e V .  T h c  
f a c t o r  [l- (VJ/E) l Y  can  b e  r e p l a c e d  by t h e  form I-- (W/E) to 
b r i n g  i n t o  o u r  c u r r e n t  s t a n d a r d  form. Accord ing ly ,  t h e  
i n c l u s i o n  of e -e  Loss mechanisms p r e s e n t s  no  s e r i o u s  






















































































2 a, C 
. N' a s  w e l l  as c r o s s  s e c t i o n s  f o r  v i b r a t i o n a l  s t a t e s  and f o r  2 
Loss t o  ambient  e l e c t r o n s .  With on ly  minor m o d i f i c a t i o n s ,  
t h e  e1ec t ron j .c  s t a t e c r o s s  s e c t i o n s  used a r e  t h o s e  appea r ing  
i n  Pe t e r son  e t  a l .  ( 5 8 ) .  Because w e  a r e  p r e s e n t i n g  on ly  
s e l e c t e d  e f f i c i e n c i e s ,  t h e i r  sum, o f  cou r se ,  w i l l  n o t  t o t a l  
- - t o  200%. we r e q u i r e ,  however, 100% f o r  a11  p r o c e s s e s  r e p r e -  
s e n t e d  i n  o u r  l o s s  f u n c t i c n  t o  p r e s e r v e  conse rva t ion  o f  
. primary energy.  
Tn t h e  f i g u r e s ,  t h e  e f f i c i e n c i e s  a r e  r e p r e s e n t e d  a s  --
f u n c t i o n s  of  t h e  primary e l e c t r o n  energy E which spans  a  
P 
range from 1 t o  1000 ev.  A word o f  c a u t i o n  should  be  made 
- r e g a r d i n g  e n e r g i e s  below about  50 ev .  A s  d e s c r i b e d  e a r l i e r ,  
a cont inuous  slow down approximat ion has  been used and based  
on P e t e r s o n ' s  i 5 3 j  r e c e n t  work, e r r o r s  of  t h e  o r d e r  of  25% 
below 5 0  e v  can be expected f o r  some s t a t e s  based on t h i s  
assumption.  Another d i f f i c u l t y  i n h e r e n t  i n  t h e  problem i s  
t h e  g r e a t e r  u n c e r t a i n t y  i n  cro-ss s e c t i o n s  nea r  t h r e s h o l d .  
Neve r the l e s s ,  it i s  i n t e r e s t i n g  t o  c o n s i d e r  t h e  low energy 
r e g i o n ,  i n  p a r t i c u l a r ,  because of  t h e  i n c r e a s e d  importa.nce of 
v i b r a t i o n a l ,  r o t a t i o n a l  and e-e l o s s .  We might a l s o  s i n g l e  
L 
o u t  t h e a  & . s t a t e  of O2 because of i t s  low t h r e s h o l d  of 
. 9 8  ev and t h e  cons ide rab le  i n t e r e s t  r e c e n t l y  d i r e c t e d  t o v a r d s  
i t s  p o s s i b l e  sou rces  oi e x c i t a t i o n  i n  t h e  atmosphere.  
One of t h e  f i r s t  t h i n y s  we n o t e  i s  t h e  i i l s e n s i t i v i t y  of  
n e a r l y  a l l  e f f i c i e n c i e s  above 1 0 0  ev. This  a r i s e s  simply from 
t h e  s i v i l  a r  bch2vi o -  of ros t i n ~ a c  t crprs s c c t i o n s  sSov3 t h i s  
- L--l *c'-i2 - - - -  - -  1 C ?  - - 7 ,-.,7,-7 
erle-cj> . L 1 a -  - 2 3- -. <. J J  - , L > - -  - L - 
t r e n d  i s  f o r  e x c i t a t i o n  e f f i c i c n c l e s  20 i n c r e a s e  and 
i o n i z a t i o n  e f f i c i e r ~ c i e s  t o  dec rease .  Such a  behavior  has  
been p o i n t e d  o u t  e a r l i e r  by,  e . g . ,  S t o l a r s k i  and Green ( 6 0 )  
and s imply r e f l e c t s  t h e  enhancernent ir d i s c r e t e  e x c i t a t i o r ,  
as compe t i t i on  wi th  i o n i z a t i o n  di rninuishes .  I n  <he r e g i o n  
below 1 0  ev ,  where few e l e c t r o n i c  s t a t e s  posses s  s i z a b l e  
c r o s s  s e c t i o n s ,  m o s t  of t h e  e f f i c i e ~ c y  goes t o  v i b r a t i o n a l ,  
r ~ t a t i o n a l  and e-e  i o s s . 0 f  t h e  e l e c t r o n i c  s t a t e s  which do . 
c o n t r i b u t e ,  t h e  most impor tan t  a t ,  e . g . ,  1 2 0  km a r e  
02, A , g  .and 01 l.5 wi th  t h r e s h o l d s  r e s p e c t i v e l y  a t  .9 8 and 
1 . 9  ev .  
Having po in t ed  o u t  some g e n e r a l  t r e n d s ,  l e t  us  nex t  
cons ide r  i o n i z a t i o n  e f f i c i e n c i e s .  I n  a l l  c a s e s  above 509  ev ,  
ove r  5 0 %  of  t h e  primary energy i s  t r a n s f e r r e d  t o  p o t e n t i a l  
energy c a r r i e d  by t h e  i o n s .  I f  we were t o  add t o  t h i s ,  t h e  
i n i t i a l  k i n e t i c  energy c a r r i e d  o f f  by t h e  e j e c t e d  e l e c t r o n s ,  
w e  see t h a t  w e l l  ove r  h a l f  of  t h e  primary energy goes t o  t h e  
p roces s  of i o n i z a t i o n .  W e  do n o t  show t h e  arnount of k i n e t i c  
energy c a r r i e d  by t h e  s e c o n d a r i e s ,  however, s i n c e  we have 
a p p l i e d  t h e  l o s s  c a l c u l a t i o n  t o  t h e s e  a s  we have t o  t h e  
primary.  T h e i r  energy i s  t h u s  d i s t r i b u t e d  among a i l  e n e r g e t i -  
c a l l y  a v a i l a b l e  s t a t e s .  Cons ider ing  i o n i z a t i o n  f o r  each 
4- 
s p e c i e s ,  we f i r s t  no t e  t h a t  t h e  0 e f f i c i e n c y  dominates a t  
1 
2 5 . 0  kv an2 Ls i n s i g n i f i c a n t  by t h e  Arne we reach  80 kn. 
A t  t h e  a l t i t u c i e s  cons ide red ,  t h e  N2+ e f f i c i e n a y  i s  a lways  a 
s i g n i f i c a n t  f r a c t i o n  and c o n p r i s e s  most of t h e  t o t a l  i o n i z a t i o n  
e f f i c i e c c v  - a t  2 3  k ~ . ,  Thes? s f f e - t s  3 ~ . ~ i c ? * T L v  - r p - f l ec t  t h e  
changes i n  r e l a t i v e  c o n c e n t r a t i o n  of the gases  ( s e e  Table  I). 
R e f e r r i n g  back t o  F i g .  5 ,  w e  n o t e  how i m p o r t a n t  c h e m i s t r y  i s ,  
c o n s i d e r i n g  t h a t  approx imate ly  h a l f  o f  t h e  pr imary  energy  
( f o r  p r i m a r i e s  above a few hundred e v )  i s  directly t r a n s f e r r e d  
t o  p o t e n t i a l  e n e r g y  i n  t h e  i o n  s t a t e s .  A t  h i g h e r  a l t i t u d e s  
such a s  2 5 0  km, i o n  d i f f u s i o n  i s  a l s o  a n  i m p o r t a n t  f a c t o r  i n  
t h e  e v e n t u a l  f a t e  o f  t h e  i o n  e n e r g y ,  
The 3914 ban6 i s  p a r t i c u l a r l y  i m p o r t a n t  a s  a  p h o t o m e t r i c  
s t a n d a r d  i n  a u r o r a  and dayglow i n t e n s i t y  measurements.  W e  
have  i n c l u d e d  i t s  e f f i c i e n c y  a t  e a c h  a l t i t u d e .  W e  w i s h  t o  
n o t e ,  however,  t h a t  t h i s  e f f i c i e n c y  o r  f r a c t i o n  o f  p r imary  
e n e r g y  i n c l u i e s  t h e  i o n i z a t i o n  energy  o f  t h e  N2+ ground s t a t e  
(15.5 e v )  as well a s  t h e  a c t u a l  3914  band energy  (3 .17  e v )  . 
F i q .  9  shows t h e  3914 p r o d u c t i o n  c r o s s  s e c t i o n  a c c o r d i n g  t o  
v a r i o u s  m e a s u r e ~ c n t s  [we i n c l u d e  McConkey e t  a].. (61)  and 
n o r s t  a-nd Zipf  ( 6 2 )  1 .  I n  t h i s  p r e s e n t  work w e  have r e f i t .  t h e  
i n t e g r a t e d  c r o s s  s e c t i o n  a s s o c i a t e d  w i t h  t h e  d i f f e r e n t i a . 1  
c r o s s  s e c t i o n  e q u a t i o n  g i v e n  by E q .  4 . 4  t o  t.he most r e c e n t  
da ta  [ B a r s t  and Zi-pf (62) 1.  The r e a s s i g r ~ e d  p a r a m e t e r s  a r e  
$7e have a l s o  u s e  t h e  i o n i z a t i o n  c r o s s  s e c t i o n  w i t h  
The parameters a = 2 0 . 2 ,  v = 1 . 2 ,  I< = 13  -1 and S =. 8 9  . L  give 
t h e  f i t  t o  t h e  data shown by t h e  dashecl c u r v e s  i n  F i g .  9 .  
T h i s  l a t - k e r  eq~,~ct.t ion is a. s_i.nrpl.e, vcrsa t j - le  for12 wl-tich rnj.crht 
be app l i ed  to a n y  icnization c:~:oss s e c t i o n  f r o ~ x  threshold t o  
t h e  E-' 1nC r e g i o n  of t h e  Born a p p r o x i m a t i o n .  
+ 4- For e x c i t a t i o n  t o  t h e  N2 B ~ Z ~  s t a t e  l ead ing  t o  3914 
emiss ion a t ,  e . g . ,  80 km, we o b t a i n  an e f f i c i e n c y  o f  
about  2.7% f o r  Ep = 1090 ev. Taking t h e  r a t i o  o f  3914 A 
energy t o  t h e  e x c i t a t i o n  energy of t h e  2Z: s t a t e ,  i . e .  
0 
3.17/18.75, we o b t a i n  an e f f i c i e n c y  of .46 f o r  t h e  3914 A 
band. W e  n o t e  t h a t  t h i s  i s  somewhat h i g h e r  than  a  va lue  
of . 3 4  ob ta ined  by Hartman ( 6 3 )  a t  E p  = 700 ev  f o r  
s i m i l a r  con c e n t r a t i o n s .  
Turning t o  t h e  e f f i c i e n c i e s  of  s p e c i f i c  s t a t e s  and 
comparing f i g s .  6 -8, t h e  d i f f e r e n c e s ,  f o r  t h e  rrost p a r t ,  
r e f l e c t  t h e  changes i n  r e l a t i v e  c o n c e n t r a t i o n s  from one 
a l t i t u d e  t o  ano the r .  I n  p a r t i c u l a r ,  from 120 km t o  250 km, 
e f f i . c i e n c i e s  f o r  s t a t e s  of  01 w i t h  t h r e s h o l d s  o f  s e v e r a l  ev  
have i n c r e a s e d  roughly by a  f a c t o r  of seven i n  agreement w i t h  
t h e  r e l a t i v e  i n c r e a s e  of 01. I t  i s  i n t e r e s t i n g  t o  no te ,  
however, t h a t  t h e  low t h r e s h o l d  s t a t e  01 'D (1.92 ev! has  
i n c r e a s e d  by l e s s  t han  a  f a c t o r  of  two. This  i s  a t t r i b u t e d  
t o  t h e  f a c t  t h a t  most 'D e x c i t a t i o n  i s  produced by seconda r i e s  
i n  t h e  low energy r eg ion  where very few o t h e r  s t a t e s  c o n t r i b u t e  
t o  t h e  energy l o s s .  Thus, t h e  'D s t a t e  c o n t r i b u t e s  s i g n i f i -  
c a n t l y  t o  l o s s  f u n c t i o n  a t  low t;&isrgy and i t s  c o n t r i b u t i ~ n  
does n o t  vary in propor t ion  t o  t h e  r e l a t i v e  composit ion o f  01. 
I n  f i g s .  6 -  8 ,  we have i n d i c a t e d  t h e  f r a c t i o n  of energy 
t r a n s f e r r e d  t o  vibx-at ional  e x c i t a t i o n  and e--e l o s s .  A t  1 kev,  
t h e  va lues  range from about  7% t o  9 % .  This amount a r i s e s  
alrnos t e n t i r e l y  from secondary e l e c t r o n  l o s s .  The secondary 
spectrum i t s e l f  i s  weighted heav i ly  below say  50 ev.  We n o t e  
t h a t  t h e  l a r g e s t  v a l u e  occurs  a t  250 km. The magnitude i t s e l f  
s t r o n g l y  depends on t h e  e f f e c t i v e n e s s  of o t h e r  e x c i t a t i o n  
p roces ses  i n  con~pet ing  below 1 0  ev.  A t  250 km, only  t h e  01 I D  
s t a t e  is  a compet i to r  and then  only above about  5 ev.  A t  120 km, 
01 1~ is s t i l l  impor tan t  b u t  a l s o  i nc luded  now i s  O2 (!.Z~/A eml%\~n). 
FT 
For  t h e  given r e l a t i v e  concen t r a t i ons  and assumed c r o s s  s e c t i o n s ,  
compet i t ion  i s  g r e a t e r  a t  120 than  a t  250 km t h u s  producing 
a s m a l l e r  e f f i c i e n c y  w i t h  decreas ing  a l t i t u d e .  The magnitude 
1 
we have chosen f o r  t h e  - A  c r o s s  s e c t i o n  i s  based on t h e  datz 
g  
of Hake and Phelps  ( 6 4 )  . 
I t  i s  i n t e r e s t i n g  t o  cons ide r  t h e  le27p/3914A r a t i o  




- ',, i " I  \ 
s t u d i e s  [No:con ( 6 5 )  and Megi l l  ( pe r sona l  co~nrnunicat ion)] .  - 
If t h e  st j_rnulat ing mechanism c o n s i s t s  of very low energy 
e l e c t r o n s  (25eV) t h i s  r a t i o  can become a r b i t r a r i l y  l a r g e  
n o t  so much b e c a u s e  1,27 becomes l a r g e  b u t  rather t h a t  3 9 1 4  
becolnes s r ~ a l l .  T h i s  should be obvious from ~ i g . ? & ,  7,  and 8. 
A more d e t a i l e d  t r e a t m e n t  of t h i s  problem has  been given by 
I n  t h i s  s e c t i o n ,  we have p re sen ted  r e s u l t s  of e l e c t r o n  
deg rada t ion  i n  t h e  form of e f f i c i e n c i e s  and have 
t o  e f f e c t s  which a r i s e  a s  we chancre t h e  a l t i t u d e  and primary 
energy.  The d i s c u s s i o n  has  been r a t h e r  g e n e r a l  wi th  no s p e c i a l  
emphasis on p o l a r  cap phenomena. We would r e l a t e  t h e  above 
d i s c ~ s ~ i c n  t o  s u c h  phenomenai :in part iculi .ar .  to s o f t  %' lux cIe~~ocri.;-i.:ic?r?.?c~ 
of p r i n a r i c s  from say 1 O O O  do!>~n t o  1 0 0  ev o r  l e s s .  
4 8 
5,  P r o c e s s e s  Stimul.atec1 by P r o t o n s  
( a )  0 v e r v i . e ~ ~  
A s  y e t ,  t h e r e  have been no s t u d i e s  of  t h e  
energy  d e p o s i . t i o n  of p r o t o n s ,  which have  been 
c a r r i e d  o u t  w i t h  t h e  d e g r e e  of  m i c r o s c o p i c  d e t a i l  
which h a s  been a p p l i e d  t o  e l e c t r o n s  ( a s  d i s c u s s e d  
i n  t h e  p r e v i o u s  s e c t i o n j  . The s t a t e  o2 ki~owledge 
of t h e  p r o t o n  impact  c r o s s  s e c t i o n s  i n  t h e  low 
energy  r e g i o n  l a g s  c o n s i d e r a b l y  beh ind  t h e  s t a t e  
zf knowledge of electron impact  c r o s s  s e c t i o n s .  
With t h e  growth of  i n t e r e s t  i n  a tomic  c o l l i s i o n s  
t h i s  c o n d i t i o n  might  change r a p i d l y .  Hence, one 
might  a n t i c i p a t e  t h a t  e x p e r i m e n t a l  d a t a  w i l l  be  
fo r thcoming  b e c o r e  long  upoi? which t o  b a s e  a  semi- 
e m p i r i c a l  approach s i l r ~ i i a r  io "i-lab iised i n  the 
p r e v i o u s  s e c t i o n .  Another  o b s t a c l e  t o  t h e  develop-  
ment of a m i c r o s c o p i c  approach t o  p r o t o n  d e g r a d a t i o n  
is t h e  sornewha",reater corrtjplexi.ty occ-s! ,s ioned by t h e  
chzrge  c h a n g i n s  p r o c e s s e s .  To i l 1 u t r a t . e  t h i s  
c o m p l i c a t i o n ,  l e t  u s  c o n s i d e r  t h e  v a r i o u s  p r o c e s s e s  
which p l a y  a r o l e ,  for example, i n  t h e  s l o w d o r . ~ ~ ~  of 
a  p r o t o n  i n  a  n e u t r a l  molecular n i t r o g e n .  
F igu re  10 i l l u s t r a t e s  t h e  v a r i o u s  p r o c e s s e s  
t h a t  can  o c c u r .  Reac t ion  1 i s  a p r o c e s s  l e a d i n g  
t o  t h e  v i b r a t i o n a L  o r  e l - e c t r o n i c  e x c i t a t i o n  of  
n i t r o g e n .  React ions 2 and 3 l e a d  t o  sir1gl.e iorri-- 
z?trion anc? doirble i .oniza t j .c?n ,  Reaction 4 leads t o  
m o l e c u l a r  d i s s o c i z t i o n ,  Each of  t h e s e  r e a c t i o n s  
) a r e  d i r e c t l y  analogous  t o  t h e  c o r r e s p o n d i n g  r e a c t i o n s  
inducdd by e l e c t r o n s .  I n d e e d ,  t h e r e  a r e  s c a l i n g  laws 
based upon t h e  Born-Bethe approx imat ion  which r e l a t e  
the twc s e t s  o f  c r o s s  sections a t  h i g h  e n e r g i e s .  
However, r e a c t i o n s  5 - 7 t h r o u g h  v a r i o u s  
. t y p e s  of c h a r g e  exchange r e a c t i o n s  which l e a d  t o  
t h e  n e u t r a l i z a t i o n  of t h e  p r o t o n  o r  t o  n e g a t i v e  
hydrogen i o n  fo rmat ion ,  have  no p a r a l l e l s  i n  t h e  
e l e c t r o n  d e g r a d a t i o n  p r o c e s s .  Eow, h e r e  it ~ u s t  
b e  n o t e d  t h a t  t h e  consequence  of  such  r e a c t i o n s  
which g e n e r a l l y  do n o t  r e q u i r e  v e r y  much energy  
euchznye is a r ~ ~ i d l y  mavi nr j  n P i l t r a l  hydroqen 
ator,, which may, i n  many i n s t a n c e s ,  be i n  an 
e x c i t e d  s t a t e .  A c c o r d i n g l y ,  we must  a l s c  c o n s i d e r  
t h e  f a t e  of t h e s e  n e u t r a l  hydroqen a t o m  i n  t h e  
atmosphere. P.ez<ctions 9 ,  s t r i p p i n g ,  and 1 0 ,  s t r i 2 p i n g  
and i o n i z a t i o n ,  r e p r s s e n t  t h e  two most  l i k e l y  
p r o c e s s e s  which czn  o c c u r  i n  f a s t  hydrogen atop. 
n i t r o g e n  c o l l i s i o n s .  
I t  s h o u l d  b e  no ted  t h a t  any of r e a c t i o n s  5 
t h r o u g h  7 ,  when follov;:ecl by any of r e a c t i o n s  3 
th rough  11, c o n s t i t u t e s  a  comple te  c h a r g e  changing 
c y c l e .  Thus ,  two such  p r o c e s s e s ,  t o g e t h e r ,  a c t  i n  
a v e r y  s i m i l a r  way t o  a s i n g l e  e l e c t r o n  impac t  l o s s  
p r o c e s s  i n  t h e  s e n s e  t h a t  t h e  outcome now is  a  p r o t o n  
which h a s  l e s s  ene rgy  t h a n  t h e  i n c i d e n t  p r o t o n .  
A c c o r d i n g l y ,  i f  one knows t h e  c r o s s  s e c t i o n s  f o r  5 ,  
6 ,  and 7 ,  ancl f o r  9 ,  1 0 ,  and 11, one c o u l d ,  i n  
p r i n c i p l e ,  a s s i g n  n e t  c r o s s  s e c t i o n s  f o r  t h e  combined 
p r o c e s s e s  a s  well a s  an approximate  n e t  e n e r g y  l o s s  
s u f f e r e d  by t h e  i n c i d e n t  protor l .  
E q .  8 ,  t h e  p r o c e s s  o f  d o u b l e  c a p t u r e ,  g e n e r a l l y  
h a s  r a t h e r  s m a l l ,  but net i n s i s n i f i c z n t ,  crsss 
s e c t i o n s .  T h i s  douh lc  c a p t u r e  c a n  t h e n  he  followeci 
by a  s t r i p p i n g  which Leads t o  a  n e u t r a l  hydroqeii o r  
by d o u b l e  s t r i p p i n o ,  which l e a d s  a g a i n  t o  p r o t o n s .  
I n  t h e  former  c a s e ,  t h e  hyc?rogcn can proceed v i a  9 ,  
1 0 ,  o r  11 back t o  p r o t o n i c  form. I t  s l~oulc l  b e  c l e a r  
t h a t ,  i f  we know a 1 1  the c r o s s  s e c t i o n s  i n v o l v e 6  i n  
a comple te  cha rge  change c y c l e ,  one cou!.d! e s t a b l i s h  
n e t  c r o s s  s e c t i o n s  and n e t  l o s s  f u n c t i o n s  f o r  t h e  
v a r i o u s  series of p r o c e s s e s  i n  which a  p r o t o n  r e t u r n s  
t o  a  p r o t o n  w i t h  a  n e t  ene rgy  l o s s .  
A t  low e n e r g i e s  (<lo keV) e l a s t i c  c o l l i s i o n s  
l e a d i n g  t o  t r a n s f e r  o f  k i n e t i c  ene rgy  t o  o t h e r  
atoms becoine a  major  l o s s  mechanism. L e t  us  
assume t h a t  all- t h e  c r o s s  s e c t i o n s  of p r o t o n s ,  
hydrogen aLoms, and ncya  t i v e  hydrogen i o n s  a r e  
knoim, say, fro!-i! t h e  1.0 [.lev' regior l  d o w n  t o  the 
500 eV region,  Tile ne-t  conserju?-ince o? a 
prj-mary p r o t o n  decjradi-ng t o  t h e s e  low ene:ryies i s  
the convre r s ion  oE t h e  p r o t 3 n  e n e r g y  t o  i o n i z e d  
n i t r o g e n ,  e x c i t e d  n i t r o g e n ,  6 i s s o c i a t i o n ,  and t h e  
k i n e t i c  energy o f  s e c o n d a r y  e l e c t r o n s .  A c c o r d i n g l y ,  
it s h o u l d  b e  f e a s i b l e  i f  t h e  s y s t e m a t i c s  df t h e  
c r o s s  s e c t i o n s  i n  F i g .  1 0  were known, t o  a t t e m p t  
for' p r o t o n s  t h e  t y p e s  of  c a l c u l a t i o n s  c i i scussed  i n  
t h e  p r e v i o u s  s c c t i c n  when e l e c t r o n s  served a s  t h e  
s t i m u l a t i n g  mechanism. 
I n  a r e c e n t  work o f  Green and McNeil ,  ( 6 7 )  semi- 
. .  - . - 
emplrLzai analytic foriris a re  a p p 1 i . e ~  t o  p r ~ t o n  a ~ d  
hydrogen i o n i z a t i o n  a n d . c a p t u r e  and charge-changing 
c o l l i s i c n s .  T h i s  work e n c o u r a g e s  one t o  t h i n k  t h z t  
t h e  go21 Z i s c u s s e d  above migh t  b e  reached  i n  t h e  
r e l a t i v e l y  n e a r  f u t u r e .  At- t h i s  p o i n t ,  we c a n  o n l y  
o u t l i n e  t h e  e s s e n t i a l  a s p e c t s  o f  the c a l c u l a t i o n  of 
p r o t o n - s t i m u l a t e d  s p e c t r a l  e m i s s i o n s  w i t h o u t  p r e s e n t -  
i n g  q u a n t i t a t i v e  r e s u l t s .  
The s t e p s ,  which one must become i n v o l v e d  w i t h  
i n  this t y p e  of  c a l c u l a t i . o n  a r e  i l l u s t r a t e d  i n  
F i g .  11.. Again ,  w e  f i r s t  must  know t h e  i n c i z e n t  
p r o t o n  f l u x .  These u s l l a l l y  i n v o l v e  tt.?~ t y p e s ,  o n e  b e i n g  
t h e  h i g h  energy  p r o t o n  f l u x e s  a s s o c i a t e d  w i t h  i n t e n s e  
s o l  7 -  a c t i v i t y ,  which a t  tb.7 L a m e  ti7.e a r e  u s u a l l y  
accon.pzni.ec-1 by  v e r y  d i s t u r b e d  magnet ic  f i e l d s .  
Such e v e n t s ,  GZ c o u r s e ,  play a n  i r , ~ . ~ o r t a n t  
p a r t  i n  t h e  p o l a r  c a p  r e a i o n  a s  w e l l  a s  i n  t h e  
norrn?,l a u r o r a l  zone i t s e l f .  I n  a d d i t i o n ,  one a l s o  
h a s  t h e  f l u x  a s s o c i a t e 6  v i t h  r e q u l a r  s o l a r  wind, whose 
c h 3 r a c t e r i s t i c s  are n o t  t o o  well-known, p a r t i c u l a r l y  
i n s o f a r  a s  i t s  n e u t r a l  component.  W e  n e x t  must 
concern o u r s e l v e s  w i t h  t h e  geomagnet ic  i n f l u e n c e  
upon t h e  g e o c e t r y  of  p r o t o n  mot ion  ( 2 ) .  P r o t o n s  
a r e  o n l y  c,uic?ed by t h e  ~ a g n e t i c  f i e l d  l i n e s .  When 
they c a p t u r e  a char-ge t h e y  beco~rle 
deeoup led  from t h e  magne t i c  f i e l d  l i n e s  and t r a v e l  
i n  s t r a i g h t  p a t h s .  Then,  upon s t r i p p i n g ,  t h e s e  
f a s t  moving p a r t i c l e s  become r e c o u p l e d  a ~ a i n .  
T h i s  d i f f u s i o n  of t h e  p r o t o ~ s  w i t h  respect  t o  
f i e l d  l i n e s  r e p r e s e n t s  a c o m p l i c a t e d  a s p e c t  of t h e  
p o s i t i v e  i o n  p r o b l e ~ ,  which ,  o f  c o u r s e ,  e l e c t r o n s  
d o  n o t  e x p e r i e n c e .  
When t h e  p r o t o n s  o r  hydrogen atoms r e a c h  t h e  
lower a l t i t u s e s  where t h e  i n t e r a c t i o n s  hecone 
i m p o r t a n t ,  w e  must know t h e  a l t i t u d e  d i s t r i b u t i o n  
of t h e  a t n o s p h e r i c  s p e c i e s  ( 3 ) ,  where t h e  i n t e r -  
a c t i . o n s  p l a y  an  i m p o r t a n t  r o l e .  
The degmrazatior-I, p e n e t r a t i o ~ ~  , and s t r a g g l i n g  
problem of t h e   roto on and n e u t r a l  hydrogen atorns ( 4 )  
is q v i t e  d i f f e r e n t  from t h o s e  ~f lot: enc rgy  e l e c t r o n s .  
Because  of t h e i r  l a r g e r  momenta, p r o t o n s  d o  n o t  
s t r a g g l e  as  g r e a t l y ,  ever) a t  lcwer e n e r g i e s .  To d e a l  
i n  d e t a i l  w i t h  such c a l c u l a t i o n s ,  w e  must  know t h e  
c h a r g e  exchange i o n i z a t i o n ,  s e c o n d a r y  e l e c t r o n  
p r c d u c t i o n ,  and o t h e r  c o l l i s i o n a l  c r o s s  s e c t i o n s  
for t h e  p r o c e s s e s  r e f e r r e d  t o  i n  F i s ,  1 0 .  I f  t h e s e  
are known, one s h o u l d  b e  a b l e  t o  a p p o r t i o r ,  t h e  
i n c i d e n t  p r o t o n  energy  i n t o  t h e  v a r i o u s  forms,  
s e c o n d a r y  e l e c t r o n  e n e r g y ,  i o n i z a t i o n ,  and d i r e c t  
e x c i t a t i o n .  A t  t h i s  j u n c t u r e ,  t h e  p r o b i e n  a q a i n  7 
becomes d i r e c t l y  ana logous  t o  t h e  e l e c t r o n  ilnpact 
problem s i n c e  t h e  f u r t h e r  d c q r a d a t i c n  of  t h e  low- 
e n e r g y  secondary  e l e c t r o n s  woul2 proceed j u s t  a s  
i n  t h e  c a s e s  of  photon o r  e l e c t r o n  s t i m u l a t e d  
p r o c e s s e s  d iscu .ssed  i n  S e c t i o n  2 and 3 .  
Accord inq ly  , we see t h a t ,  by v i r t u e  of  t h e  
p rogres s  w i t h  t h e  e l e c t r o n  d e g r a d a t i c n  problem 
u s i n g  t h e  m i c r o s c o p i c  a p p r o a c h ,  v i e  a r e  now e n t e r -  
i n g  t h e  phase  where t h e  p r o t o n  d e q r a d a t i o n  problem. 
s h 0 ~ 1 . 3  be  t r a c t a b l e  i n  a  s i r ; ! i i n r  way. T h i s  c o n j e c t u r e  
i s  s u p p o r t e d  by t h e  f a c t  t h a t  tre a l s o  have good data 
on p r o t o n  e n e r g y  l o s s  f u n c t i o n s  by d i r l c t  measurepen t ,  
which c'a.11. b-2 Ccr..?arcd T:,:it:?. kl-Le j.;?s fup .ckig :?s  blL:F7.t 
up  f r o n  CI m i c r o s c o p i c  vie:apoint . 
Most c r i t i c a l l y ,  however,  i s  t h e  r e c e n t  a v a i l . z h i l i t y  
of e x p e r i m e n t 2 1  r e s u l t s  which l e a d  t o  t h e  s p e c t r a  o f  
I 
s e c o n d a r y  e l e c t r o n s  produced by p r i m a r y  p r o t o n s  
i m p a c t i n g  upon v a r i o u s  g a s e s .  [Rudd (6  8 )  , Anderson 
( 6 9 )  , and K u y a t t  and J o r g e n s o n  ( 7 0 )  ] . When t h i s  
t y p e  o f  d a t a  i s  r e p r e s e n t e d  i n  some s e m i - e m p i r i c a l  
form and s y s t e m a t i z e d  s o  a s  t o  b e  c o n s i s t e n t  w i t h  
o b s e r v e d  t o t a l  c r o s s  s e c t i o n s  and t o t a l  l o s s  
f u n c t i o n s  i t  s h o u l d  be  p o s s i b l e  t o  p u r s u e  t h e  
problem o f  c a l c u l a t i n g  p r o t o n  s t i n u l a t e d  e m i s s j o n s  
i n  a C i r e c t l y  ana logous  way t o  e l e c t r o n  s t in l .u la ted  
e m i s s i o n s .  T h i s  work,  however,  r e ~ . a i n s  t o  b e  done 
i n  d e t a i l .  
A key s'ce:. in thi? I - r e r . c l a t i c~  c b ?  c.l.ecfrc;.r: 
e n e r g  d e y  r a d z t i o n  ; - e ch l l i qu~s  to protons f s 
the a v a i l a b i k l t y  of gcod repr2sent-ations of 
overal l  protori l.oss k u n c t i o r , ~  . The rcsdlts 
of Greer, and Peters02 ( 5 4 )  may be placed in 
H e r 2 ,  3 i s  t h e  p r o t c n  e n e r g y ,  Z is the 
number of e lec t rons  i n  an a to~n  cf 
t h e  t a r g e t  gas, a 2nd J are c h a r a c t e r i s t i c  
energies  (in K e V ) ,  f2 an6 v are characteristic 
dimenzlonless c o n s t a n t s  ac3 Lo a ccnver:ient 
mi-L o f  loss, ( e . g .  10-i " CFS ev) . In the 
absence of d e t a i l e d  dzta, w e  may t a k e  
as a genera l  r u b e .  Ecwever, for greater 
accuracy,  w e  s h o c l d  u s e  i n d i v i d u a l  l o s s  
f u n c t i o n  constants. The loss  f u n c t i c n  
e s u ~ t a n k s  f o r  s e v e r a l  of th: atmos2heric 
gases are given i n  Tabie  2 .  
1 t o  r c ~ r e s e n t  proton an& nydrogeil cross sectkccs vr$n 
E ; " G ~  ~ C C U E ~ C ; ~  over a broad es-iery- range. The 
cons tan ts  2, V ,  an2 Q f o r  pro tan  i o n i z a t i o ~ ~ ,  hydroqcn 
i e n l z a t i o n  , hydrogen s LrFgpicg, and - char96 cap t3 . r~  by 
p ~ o t o r s  and iayciroge~, , a l l  shc>i a f a i r l : ~  reguJ.ar 
behavior. Furthermore,  it eppeaxs tl;3t or~c can 
h y d r o g e ~  i o n i z a t i o n  to c o n s t a n t s  obtained by f i t t l n q  
electron i on i za t i . an ,  The worlc s ~ c j 5 e s t s  t h a t  one 
can r e l a t e  proton e x c i t a t i s x  cross  sections t o  
e l e c t r o n  excitation cross sections in a s i n i l a r  way. 
The recent- availability of e x p e r i r n e n t d  r e s u l t s  
which lead t o  t h e  s p e c t r a  of seconcic?ry electrons 
produced by p r i m s r y  protons impacting upon various 
gases o f f e r s  f u r t h e r  encouragement to t h e  micro- 
s c ~ p i c  a ~ p r o a c h .  When t h i s  type of d a t a  is 
represent-ed in some semi-empir ical  f o r m  a::d 
sys t ema t i zed  so  a s  t o  be c o n s i s t e n t  with observed 
t o t a l .  cross s e c t i o n s  and total l o s s  f u n c t i o n s  it 
should  h~ possible tc pursue the rroblem of 
c a 9 c a I a t i n g  pra ton  ski-mulared emiss ions  i n  a 
directly ~ n a l o y o u s  way t o  e l e c t r o n  s t i m u l a t e d  
























































































h y d r o ~ c r ,  i . ~ n i  zc?zisr, c ap tn r - ,  chs:cge cl:ar.ging i n t e r -  
acticn cross sections, a preliminary investi~aticn '
TBe presen t  h e r e  an o u t 3 i . n ~  of the present, in!- t ia l ,  
s t u d y .  In  an e f f o r t t o  incc)zrporate p r e v i o u s  work 
w i t h  electrons and a lso  t r r a t  r; majar chzn::el 
%hrsu3h whish enzrgy Losses oecus,  we treat ths 
secondary eLectro~? distribution zr- is ing froin tlie 
complete degrada t ion  of a p r i n ~ a r y  energy E . 
P 
. It has become apparent that the secon6ary electron 
- 5 
- distkiSutiorlss  Cue to protsn s l o - d o w z )  r:iay be C L ~ ~ ~ L  ;?G i+&~-  
i z e d  by simple functions, to wi.thir1 a reasonable 
approxinakicn. N o w ,  we denot2 by n ( E  ,T)  t h e  
P 
fractioil of s e c o n d a r y  electrons with kinet . ic  energy 
betwzen T and T -I- dT r e s u l t i n g  from t h e  degsadat! .~n 
of an iricoming proton with initial kinetic enercjy E 
P *  
We have explored a variety of functional representatians 
including the separable forms 
The t ypes  of f u n e t b n s  investigated for F1 inelctie 
functions such as 
E 2 3. /A!E + S )  P F 
f _ ' q ~  . 1 5 .:) and <5.? ) g~ OTit?:. to tk:? ~ 2 2 2  i3e-y 
p.?xe:~- l a w  when J -+ 9 .  E q .  (5.9) gces over to t-,l~t? 
o ~ d i r i ~ s y  e x p o n e n t i d  law when r, + I. F,ar;h cf t h e s o  
the same t i n ~ e  nay be used to represent  i ~ t r g : a i  or 
dif Z e x e n t i a l  spec t ra  q u i t e  well. 
T 
~n p r t i e u l a r ,  we have ~zsed t h e  forrn 
where L = E eV, 11 - 32 e V ,  A - .256  KeV, I3 = 4 0 9 5 ,  and 
J 2 b MeV, I< 2 1 0 0  K e V ,  
T h i s  d i s t r i b u t i o n  w i t 2 5  khese c o n s t a n t s  has  t h h e  
proper ty  tha t .  at hi.c;h energies (Ep" K). 2 5 %  of t!~c 
proton c ~ ~ k r g y  goes into t h c  h ign  ~ r ~ e r g y  spzctrurn.  
At iaterrnediate ene rg ie s  z<E;<% the h i g h  enejrgy 
csanponent. r emains ,  At low energies (E.: Z)  the lox 
- - 
6 0 
eriercjy' coin2oncnt a l s o  i ; l d ~ s  oilt. ?ills f~;-.', Sccrns 
. . 
. - 
c a p a b l e  of encompass; ng  a l l  f a s ~ s  p r ~ ~ c i l - ~ i y  I'.CC,YQI . 1 t 
provicies  a c c n v e n i e n t  e l e z t r m  spsctrixiv vhrcn  cax be - 
fed d i rec t ly  i n t o  the e:.ectron de9,-adatioc proGxaiil. 
W e  can also atf-emgt ?.-more rnicr~sc9pi.c a.gproach 
iZ w e  c a n  f i n d  reasonable r ~ p r e s e n L a t i a ~ ~ s  oE t h e  
d i f f e r e n t i a l  i c n i z a t i o n  c r o s s  s e c t i o n s  for protcas. - 
L c t  the d i f f e x e r - t i a l  c r o s s  s e c t i o 2 s  be densted by 
S (T, E )  = s o f  (T/G) (;) ( 5 .  X1) 
where G ,  t h e  " i o n i z a t i o n  e n e s g y : ' , i s  given by 
A v a r i e t y  o f  f (x)  nay  be used, bnt t he  s t u l t i s s  of R l ~ c i d  
( 6 8 )  and Anderson ( 6 9 )  s u g g e s t  . - 
Now w e  c a n  a d j u s t  o u r  p a r a m e t e r s  by i n s u r i n g  t h a t  these 
parameters c o r r e s p o n d  t o  t h e  t o t 2 1  i o n i z a t i o n  cross 
s e c t i o n s  such  as t h o s e  of Grzen and McNeal. We may use 
( d i s c o u n t i n g  i c n i z a t i o n  e n e r g y )  
0nt:e we have t h e s e  pzr~~r;ict ei..s w e  o h t ; ~ i n  an ziu?alytic 
prcton L o s s  f u n c t i o c  Zcr the qi*,7rn ;zoc:?ss t ~ n d e r  s tudy  
Again, w e  may usua l ly  di .scocnt t h e  r e l a t i v e l y  s r n ~ ~ 1  
ionizaticn e n e r g y .  ' With t h i s  moi-e rnlzrosccpic appll-czzk 
we can attempt to dexivc  n e t  l c a s  f u n c t i o n s  a s s o c i a t e d  
w i t h  average io r i i za t ion  p roces s .  
T h i s  p r i m a l i v s  approach w h o s e  usefulness dey?c.rlds 
upon t he  accuracy of cs t i .mates  of t h e  p a r m z t e r s  
A ,  B ,  J, K and L and provic?es a d e t a i l e d  c h a r a c t e r -  
i n t o  secondary e l -ectnons .  With a r ea sonab le  pre- 
scri-ptdon for t h e  average energy neces sa ry  t o  i o n i z e  
a speci-es, it i s  possi -ble  t o  est irr .ate the energL7 
which gces i n t o  t h e  ions. The b a l a n c e  goes i n t o  
excitation, d i s s o c i a t i o n ,  and o t h e r  processes. 
Es t in la tes  04 t h i s  ba lance  can be obtai.ncd from n e t  
p ro ton  loss funct ior is  E q .  ( 5 -1) . 
To truly p a r a l l e l  our microscopic  e l e c t r o n  
d e s r a d a t i o n  c a l c ~ l a t i o n s ,  we must a s s i g n  a pro ton  
d i f f e r e r A ~ i a l  i o n i z a t i o n  cioss s e ~ ~ i o n  f o r each ion-  
i z a t i o n  con t inua .  There i s  r e l a t i v e l y  l i t t l e  d i r e c t  
d a t a  upon which t o  base such a s s iqn l~ , en t s  a s  y e t .  
However, one  migh t  be a b l e  t o  t r a n s l a t e  d i f f e r e n t i a l  
c r o s s  s e c t i o n s . f o r  e l e c t r o n s  t o  p r o t o n s  by u s e  o f  
s i m p l e  r u l e s .  
For  t h e  d i s c r e t e  s t a t e s  e x c i t e d  d i r e c t l y  by p r o t o n s  
w e  can t r e a t  t h e  problem i n  t h e  same manner i n  which 
t h e  e l e c t r o n  d i s c r e t e  s t a t e s  a r e  t r e a t e d .  By u s e  o f  
t h e s e  methods w e  can  now s t a r t  t o  d o  t h e  a c t u a l  
c a l c u l a t i o n s  n e c e s s a r y  f o r  an i n i t i a l  examina t ion  o f  
p r o t o n  a u r o r a e ,  PCA -. e v e n t s ,  and o t h e r  p r o t o n  induced  
a t m o s p h e r i c  phenomena. 
Davidson h a s  c o n s i d e r e d  t h e  c h a r g e  exchange mechan- 
i s m  which p e r m i t s  p a r t i c l e s  t o  c r o s s  f i e l d  l i n e s  i n  
c o n n e c t i o n  w i t h  a  Monte C a r l o  c a l c u l a t i o n  o f  p r o t o n  
induced  a u r o r a s .  The most e f f e c t i v e  c h a r g e  exchange 
p r o c e s s  a t  h i g h  a l t i t u d e s  f o r  p r o t o n s  i s  t h e  
Davidson deduced t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  
hydrogen l i n e  i n t e n s i t y  and t h e  c a l c u l a t i o n s  
r e v e a l e d  c l e a r l y  how c h a r g e  exchange s p r e a d i n g  o f  
p r o t o n  beams may c a u s e  d i f f u s i o n s  o f  t h e  o r d e r  o f  
100 k i l o n e - t e r s  o r  more. W e  r e f e r  t h e  r e a ~ j e r - i ~ a t t e m p t s  
a t  d e a l i n g  w i t h  t h e  b a s i c  mechanisms i n  t h i s  problem 
by   avid son (71) , P r a g  e t  a l .  ( 7 2 )  and 
A e t h e r  (73) . 
6. Conclusions  
I n  t h i s  work v~7e  hsve concentr i i ted  cn p~-ccccscc  in3ccc.d 
by photons ,  e l e c t r o n s  and pro to^:^. We 'have resched i l  
r e l a t i v e l y  h igh  s t a t e  of undersi?nd5,~15 on ph~?:sn i n t ~ u c e 2  
p r o c e s s e s ,  i n  connec t ion  w j  t l ?  tnt? s t l l d i e s  of the  format:i.on 
of t h e  ionosphere  &rid' t h e  l ~ y y l o w .  Our ~>;~lex:; tanzFnc, f  
.. 
' e l e c t r o n  induced p roces ses  has  also naicued g r e a t l y  rz? 
t h e  l a s t  deczde i n  o u r  a b i l i t y  t o  r r h a t e  fund::i~~2ntal 
atomic phys i c s  t o  i t s  atmospher ic  consec+ences. Ous 
unders tanding  of p ro ton  induce6 p roces ses  is i n  a much 
Ecre pxirni t ive  state l a r g e l y  b e c a ~ s e  of charge  exchange 
,-,,,,,,,, ,,.-,' ,l. 'KT A. ,.. "A - 
~ L ~ - I L C I ~ ~ ' ; ~  W A L L L ~ L  O C C G - S ~ ~ ~  r r e i i t  c~mpllcatiozs , , I C 2 W ~ t ~ L  
f r o m  the d i s c u s s i o n s  i n  s e c t i o n  5 w e  b s l i e v e  that it 
should  n o t  be t o o  long  be fo re  t h e  p r ~ t o n  induced 
p roces ses  can be d e a l t  w i t h  i n  a w a y  soneighat s i m i l a r  
t o  o u r  approach t o  e l e c t r o n  Induce6 p r o c e s s e s .  
W e  should  a l s o  consi2er 2roc:esses iniluced by heavy 
p a r t i c l e s  and g e n e r a l  a t n o s p h e r i c  c o l l i s i o n a i  p roces ses  
p a r t i c u l a r l y  a t  low e n e r g i e s .  Here w e  must recognize  
t h a t  t h e  numerous chemical  r e a c t i o n s  which occur i n  the  
a tmospher ic  phenomena can be looked a t  e i t i l c r  from t h e  
p o i n t  o f  view of a r e a c t i o n  c h a r a c t e r i z e ?  by a r a t e  
c o n s t a n t  o r  t h e  nore  fundamental p o i n t  of  view of a 
c o l l i s i o n  c h a r a c t e r i z e d  by a c r o s s  s e c t i o n  [J. Ross 
and E ,  F. Gzeene, ( 7 4 1 1 ,  [Green and V;yatt, ( 7 5 ) l .  
One can i d e n t i f y  a  r e a c t i o n  r a t e  wi th  t h e  c o l l i . s i o n a 1  c r o s s  
s e c t i o n  f o r  a  birnol-ecular r e a c t i o n  u s i n g  t h e  equa t ion  
where B = l/kT wi th  k t h e  Boltzrnann c o n s t a n t ,  T t h e  tentpera- 
t u r e ,  p t h e  reduced mass of t h e  r e a c t a n t s  and G(E) t h e  r e a c t i v e  
c r o s s  s e c t i o n .  h e r e  one can s e e  an advantage of an a n a l y t i c  
approach t o  c r o s s  s e c t i o n s .  For example i f  we assume t h a t  
t h e  r e a c t i o n  c r o s s  s e c t i o n  has  t h e  form 
o ( E )  = 0 E < E  ; o ( E )  = [ f  ( E  - Ea) ]/E E > Eel 
CI ( 6 . 2 )  
it fo l lows  t h a t  
where x = E - E,. Thus we s e e  t h a t p  a p a r t  from c o e f f i c i e n t s  , 
t h e  r e a c t i o n  r a t e  i s  t h e  Laplace t r a n s f o ~ r ~ .  of t h e  c o l l i s i o n a l  
c r o s s  s e c t i o n .  
Now t h e r e  a r e  enu.merah3.e r e a c t i o n s  which occur  i n  t h e  
upper atmosphere which r e l a t e  t o  t h e  p r o h l e ~ s  of t h e  au ro ra  
dayg1.0~~ and t h e  ionosphere .  Such r e a c t i o n  r a t e s  must eventu- 
a l l y  be r e l a t e d  t o  c o l l i s i o n a l  c r o s s  s e c t i o n s .  However t h e s e  
7hsk  
s u b j e c t s  are s o  v a s t  we c a n  no t  h e r e  a t t e r ~ p t  t o  s u m ~ a r i z e  o r  
A 
r e l a t e  t h a n  t o  each o t h e r .  It seems c l e a r  h o ~ e v e r ,  that once 
t h e  s y s t e m a t i c s  of p ro ton  c r o s s  sect i -ons  a re  e s t a b l i s h e d  it 
should be p o s s i b l e  t o  u s e  t h i s  s y s t e m a t i c s  t o  e x t r a ~ o l a t e  the 
c r o s s  s e c t i o n s  f o r  hcavier  particles, This s kc,> voulc! 
i 
,/ 
r e p r e s e n t  a  much s k a l l e r  e x t r a p o l a t i o n  t h a n  s a y  from 
e l e c t r o n s  t o  p r o t o n s ,  Here t h e  r e c e n t  work o f  Green and 
McNeal ( 6 7 )  on t h e  s y s t e c . a t i c s  o i  p r o t o n  and hydrog& 
i n e l a s t i c  c r o s s  s e c t i o n s ,  s h o u l d  s e r v e  a s  a  guiade towards  
t h e  e s t i m a t i o n  o f  c o L l i s i o n a 1  p r o c e s s e s  i n  t h e  upper  
a tmosphere  i n d u c e d  by h e a v i e r  p a r t i c l e s .  
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See Fig. 2, step 6 
